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SUMMARY 
The easy formation of the highly conducting iodo-
mercurate of s i l v e r from the sol id s t a t e reac t ion of 
s i lve r ( I ) iodide with mercury ( I I ) iodide i s regarded to 
be due to the proneness of s i l v e r ions to occupy i n t e r -
s t i t i a l pos i t ions ra ther than to form vacancy p a i r s . Silver 
molybdate i s e l e c t r i c a l l y conducting and i t s conductivity 
i s of the same order as t ha t of s i l ve r iodide. The grow-
ing importance of s i lve r s a l t s from the view point of t h e i r 
microwave conductivity pronpted us to study the react ions 
of s i l ve r molybdate with mercuric hal ides in sol id s t a t e . 
In the present inves t iga t ion following reac t ions have 
been studied in sol id s t a t e : 
(1) Si lver molybdate and mercuric iodide, 
(2) Silver molybdate and mercuric bromide, 
(3) Silver molybdate and mercuric chlor ide, 
{h) Silver molybdate and mercuric bromoiodide, and 
(5) Silver molybdate and mercuric chlorobromide. 
Mechanism of these r eac t ions were studied in solid 
s t a t e by X-ray diffractometry, chemical ana lys i s , thermal 
and conductivity measurements. Individual s teps involved 
in each reac t ions were confirmed separa te ly . The k ine t i c s 
of these reac t ions were studied by visual technique. 
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(1) AgpMoO, - Hglp reaction 
AgpMoO, and Hglp react in an equimolar ratio at 
100 C giving Agl and HgMoO, as products. The steep rise 
and fall in conductivity curve and the appearance of tran-
sitory red colour during the progress of reaction suggest 
the intermediate formation of AgpHgL which is highly con-
ducting. This proceeds as given below. 
Ag^MoO^ + Hgl^ ^ 2AgI + HgMoO^ (la) 
2AgI + Hgl2 ^^  Ag2HgI^ ( l b ) 
Ag2HgI^ + Ag^MoG^ > 4AgI + HgMoO^ ( l c ) 
2Ag2MoO^+ 2Hgl2 ^ 4AgI + HgMoO^ 
Each s t ep was confirmed s e p a r a t e l y . Thermal mea-
surement wi th 1:1 molar mixture of AgpMoO, and Hglp a t room 
t e n p e r a t u r e give one i n f l e c t i o n on ly , the reby sugges t i ng 
t h e r e a c t i o n t o be s i n g l e s t e p . At room t empera tu re r e a c -
t i o n ( l c ) does not proceed to any s i g n i f i c a n t e x t e n t , and 
r e a c t i o n (1b) i s much f a s t e r than r e a c t i o n ( l a ) even a t room 
t e n p e r a t u r e . 
In h igher molar mix tures ( 1 : 2 , 1:3 e t c . ) of AgpMoO, 
and Hglp t h e same mechanism, as expla ined fo r equimolar r a t i o 
f o l l o w s . In 1:3 molar mix tu re , t he excess of Hglp i s l e f t 
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u n r e a c t e d , but in 1:2 mixture t h e excess Hgl2 i s removed 
by t h e p roduc t Agl g iv ing A ^ H g l ^ . Hence no Hgl^ was d e -
t e c t e d in t h e f i n a l X-ray a n a l y s i s of 1:2 molar mix tu re . 
Compounds i d e n t i f i e d in d i f f e r e n t molar r a t i o mix tures of 
A^MoO, and Hglp by X-ray a n a l y s i s a r e given in Table I . 
Table - I 
Compounds identified in different molar ratio mixtures of 
Ag2MoO^ and Hgl2. 
Molar ratios of Compounds identified in mixtures 
Ag„MoO, and Hgl . 1 
i ^ire + ^^P'^ ^^ ^^^^ Maintained a t lOO^C 
m ? ^ ; ™ ^ t e n p e r a t u r e f o r f o r 24 hr then coo-
mix-cures ^^ ^^y^ l ed t o room tempera-
t u r e 
1:1 AgI,Ag2HgI^, Agl and HgMoO, 
HgMoO^ and Ag2MoO^ 
1:2 Ag2HgI^ and HgMoO^ Ag2HgI^ and HgMoO^ 
1:3 Ag2HgI^, HgMoO^ Ag2HgI^,HgMoO^ 
and Hgl2 and Hgl2 
In l a t e r a l d i f f u s i o n jsxperiment, t h e sequence of pro-
duc t observed i s , 
Ag2MoO^ HgMoO^,AgI Ag2HgI^ Hgl2 
From t h e observed sequence of product and molecular n a t u r e 
of Hgl2 i t i s suggested t h a t in l a t e r a l d i f f u s i o n Hglp 
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diffuse as such and not through the counter diffusion of 
cations. The lateral diffusion data fitted the equation, 
X^ = kt 
where X i s thickness of product at time t , and k and n are 
constants , k i s re la ted to diffusion and follow the 
Arrhenius equation. The ac t iva t ion energy evaluated from 
log k versus inverse temperature p lo t was 95.93 kJ/mol. The 
higher value of n in t h i s r eac t ion , which otherwise should 
have 2, had the reac t ion followed the parabol ic r a t e law, 
r i s e s fur ther with the r i s e in temperature from 80-135 C, 
suggest an addi t ional r e s i s t ance to the reac t ion r a t e , l i k e 
s in t e r ing which r i s e s fur ther with r i s e in temperature. To 
see the i n i t i a l difference in reac t ion r a t e a t two tempera-
t u r e ranges, the ac t iva t ion energy was determined at zero 
time by p l o t t i n g zero time growth curve and taking logrithm 
of t h a t . The ac t iva t ion energy value of 20.90 kvT/mol in 
lower tenperaxure range and 90,49 KJ/mol in higher tempera-
t u r e range suggest chat the process i s grain boundary or 
surface diffusion controlled in lower temperature range while 
in the higher temperature range the process i s bulk diffusion 
control led r igh t from the s t a r t . 
Values of diffusion coeff ic ient of Hgl„ in a i r and 
for surface migi^ation suggest tha t reac t ion mostly proceeds 
v ia vapour phase, with a small contr ibut ion of surface migra-
t i o n . 
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(2) AgpMoO, - HgBTp r e a c t i o n 
AgpMoO, and HgBTp r e a c t when mixed in an equimolar 
r a t i o both a t room tempera tu re and a t 100 C, g iv ing AgBr 
and HgMoO, as p r o d u c t s . Reac t ion fo l lows t h e exchange me-
chanism, 
Ag2MoO^ + HgBr^ * 2AgBr + HgMoO^ (2) 
The i n i t i a l wh i t e mixture of AgpMoO, and HgBrp changed t o 
yel low g radua l ly a t room tencperature and sha rp ly a t 100 C, 
Thermal and conduc t iv i t y measurements a l so sugges t t h e r e -
a c t i o n to be s i n g l e s t e p . On h e a t i n g the equimolar mixture 
of Ag2MoO^ and HgBrp a t 200 C, t h e t r a n s i t o r y appearance of 
orange colour suggest t h e format ion of Ag HgBr, , which 
seems s t a b l e only a t h igh t empera tu re and breaks i n to AgBr 
and HgBrp a t low t e m p e r a t u r e . 
In high molar r a t i o s , AgpMoO, and HgBrp r e a c t in t h e 
same way as in t h e case of 1:1 molar r a t i o , and excess of 
e i t h e r of t h e r e a c t a n t s l e f t u n r e a c t e d . 
Compounds i d e n t i f i e d in d i f f e r e n t molar r a t i o 
mix tu res of AgpMoO^ and HgBrp a r e given in Table I I , 
In l a t e r a l d i f f u s i o n exper iment , t he sequence of 
p roduc t observed i s , 
AgpMoO^ HgMoO^ AgBr HgBr2 
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Table - I I 
Compounds i d e n t i f i e d in d i f f e r e n t molar r a t i o mix tures of 
Ag2MoO^ and HgBr2. 
Molar r a t i o s 
of Ag2MoO^ 
and HgBrp in 
d i f f e r e n t 
mix tu res 
Compounds i d e n t i f i e d in mixtures 
kept a t room Maintained a t lOO^C 
t e n p e r a t u r e fo r and cooled t o room 
15 days t e n p e r a t u r e 
2:1 
1:1 
1:2 
1:3 
AgBr, HgMoO^ and AgBr, H^oO^ and 
Ag2MoO^ Ag2MoO^ 
AgBr, HgMoO ,^ 
Ag2MoO^ and HgBr2 
AgBr, HgMoO ,^ 
A^MoO, and HgBr2 
AgBr, HgMoO ,^ 
Ag2MoO, and HgBr 
AgBr and HgMoC/ 
AgBr, HgMoO, and 
HgBr 2 
AgBr, HgMoO^ and 
HgBr 2 
So l id HgBTp be ing molecular in n a t u r e , d i f f u s e as . 
such in t h e vapour form g iv ing t h e observed sequence of 
p r o d u c t s . L a t e r a l d i f f u s i o n d a t a bes t f i t p a r a b o l i c r a t e 
e q u a t i o n , 
X^ = k t 
The a c t i v a t i o n energy eva lua ted from l o g k ve r sus i n v e r s e 
of t empera tu re p l o t was 78 ,16 kJ /mol . 
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Kinetics were also studied by keeping air gaps of 
different lengths between the reactants at the start it-
self. The value of rate constant was found to depend on 
the length of air gap between the reactants according to 
equation, 
k' = Ae-^^ 
where d i s the length of air-gap and A and b are constants . 
The l inear p lo t of log k' versus d indica te t ha t as the 
length of a i r gap increases , the reac t ion r a t e decreased. 
Values of diffusion coeff ic ient of HgBrp in a i r 
and on surface determined experimentally suggest the r eac -
t i o n to proceed via vapour phase with s l i gh t contr ibut ion 
of surface migration, 
(3) AggMoO^  - HgCl2 ^^^^^^°^ 
AgpMoO, and HgClp reac t in 1:1 molar r a t i o both at 
room temperature and 100 C giving AgCl and H^oO^ as products. 
The i n i t i a l white mixture changed to yellow. The reac t ion 
seems to follow the s inple exchange mechanism. 
Ag2MoO^ + HgCl2 *" ^ ^S^^ •*" ^^^^% (5) 
Thermal and conductivity measurements made with 1:1 molar 
mixture of AgpMoO, and HgClp give only one in f l ec t ion sugg-
es t ing thereby the reac t ion to be s ingle s t ep . 
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In mixtures o£ other higher molar ratio, AgpMoO, 
and HgClp react in the same way as in the case o-f an equi-
molar ratio and the reactants in excess is left unreacted. 
Compounds identified in different molar ratio mixtures of 
AgpMoO. and HgCl2 are given in Table - III. 
Table - III 
Compounds i d e n t i f i e d in d i f f e r e n t molar r a t i o mix tures 
of AggMoO^ and HgCl2 
Molar r a t i o s 
of AgpMoO, and 
HgCl2 ^" d i f f e -
r e n t mixtures 
Compounds i d e n t i f i e d in d i f f e r e n t 
mix tures 
Kept a t room 
t e n p e r a t u r e for 
15 days 
Maintained a t lOQOC 
for 24 hr then 
cooled t o room tem-
p e r a t u r e 
2 : 1 
1:1 
1:2 
1:3 
AgCl,HgMoO^, 
AgpMoO, and 
HgCl2 
AgClf HgMoO, , 
A^MoO^ and 
HgCl2 
AgCl,HgMoO^, 
Ag2MoO^ and 
HgCl2 
AgCl.HgMoO,, 
AgpMoO/ and 
HgCl, 
AgCl,HgMoO^ and 
Ag2MoO^ 
AgCl and HgMoO^ 
AgCl,HgMoO^ and 
HgCl, 
AgCl,HgMoO^ and 
HgCl, 
I n i t i a l l y t h e r a t e of p roduc t growth i s f a s t but 
t h e r a t e f a l l s wi th t h e i n c r e a s e in t h i c k n e s s of t h e p r o -
duc t l a y e r sugges t i ng the r e a c t i o n to be d i f f u s i o n con-
- 9 -
t r o l l e d . Lateral diffusion data best f i t the parabol ic 
r a t e equation, 
X^ = kt 
The ac t iva t ion energy evaluated from log k versus inverse 
tenpera ture p l o t was 74,06 kJ/mol. Reaction proceeded well 
even when the reac tan t s were placed with an a i r gap between 
them at the s t a r t i t s e l f . Kinetics were studied also by 
keeping a i r gaps of d i f fe ren t lengths between the r e a c t a n t s . 
Reaction r a t e decreased with increase in length of a i r gap. 
Values of diffusion coeff ic ient of HgClp in a i r 
and for surface migration suggest tha t sol id HgClp reac t 
here in gaseous form. Surface migration of HgClp also con-
t r i b u t e to the overal l vapour phase diffusion control led r e -
act ion of A^MoO^ and HgClp. 
(4) AgpMoO, - HgBrI reac t ion 
On mixing powdered A^MOOA and HgBrI in an equimolar 
r a t i o , the i n i t i a l l i g h t yellow mixture changed to pa le ye-
l low. On heat ing t h i s mixture to 100 C a red coloxir appeared 
which again changed to yellow on cooling below t h i s tempera-
t u r e . Conductivity curve shows a sharp r i s e and a subsequent 
f a l l in conductance of the reaction mixture with t ime. This 
reaccion i s mult istep and passes through the intermediate 
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format ion of Ag2HgI^ (Ag2HgI^ i s r ed above 50.7 C and 
yel low below i t ) . The r e a c t i o n probably p roceeds through 
t h e fo l lowing coxirse, 
3Ag2MoO^ + 3HgBrI >• 3AgBr + 3AgI + 3HgMoO^ {ha) 
3AgI + HgBrl *> Ag2HgI^ + AgBr (4b) 
Ag2HgI^ + Ag2MoO^ — ^ 4AgI + HgMoO^ (4c) 
4Ag2MoO^ + 4HgBrI ^ 4AgBr +4AgI + AHgMoO^ 
r e s u l t s of X-ray a n a l y s i s of r e a c t i o n mixture maintained 
a t room t e n p e r a t u r e and a t 100 C support t h i s mechanism. 
X-ray a n a l y s i s of h igher molar r a t i o mix tures of 
AgpMoO/ and HgBrl i s in conformity wi th t h e proposed mecha-
nism. Confounds i d e n t i f i e d in d i f f e r e n t molar r a t i o mix-
t u r e s a r e given in Table IV. 
Table - IV 
Conpounds i d e n t i f i e d in d i f f e r e n t molar r a t i o mix tures of 
AgpMoO, and HgBrl. 
Molar r a t i o s of 
Ag MoO and HgBrl Confounds i d e n t i f i e d in d i f f e r e n t 
i n ^ d i f J e r e n t mix tu res . 
mix tu res Kept a t room Maintained a t 100°c 
t empera tu re fo r fo r 24 hr then cooled 
15 days t o room t e n p e r a t u r e 
2 :1 AgI,AgBr,Ag2HgI^, AgI,AgBr,HgMoO- and 
HgMoO^ and Ag2Mo0^ Ag2Mo0^ 
1:1 AgI,AgBr,HgMoO^, AgI,AgBr and HgMoO^ 
AggHgl^ and 
Ag2Mo0^ 
1:2 AgI,AgBr,HgMoO^, AgI,AgBr,HgMoO^ and 
"?BrI Ag2HgI^ and HgBrl HgBrl 
1:3 AgI,AgBr,HgMoO^, AgI,AgBr,HgMoO^ and 
Ag^Hgl and HgBrl HgBrl 
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The sequence of products observed in reac t ion tube 
i s . 
g^gMoO^ HgMoO 
'4 AgBr,AgI Ag^Hgl^ HgBrI 
Sequence of products obtained suggest tha t HgBrI diffuse 
as such. Latera l diffusion data best f i t the parabol ic 
r a t e equaxion, 
X^  = kt 
k i s r e l a t ed with diffusion and shows the Arrhenius tempe-
r a t u r e dependence. Activation energy evaluated from log k 
versus inverse temperature p lo t was 72.18 kJ/mol. Kinetics 
of the react ion were studied also by keeping a i r gap of 
d i f ferent lengths between the r e a c t a n t s . Reaction r a t e was 
found to decrease with the increase in length of a i r gap. 
Values of diffusion coeff icient of HgBrI in a i r and 
for surface migration suggest tha t sol id HgBrI react here in 
gaseous form and reac t ion i s vapour phase diffusion contro-
l l e d . 
(5) AggMoO^  - HgClBr reac t ion 
Like HgBrI, HgClBr reac t with AggMoO, in 1:1 molar 
r a t i o to give the same end products (AgCl, AgBr and HgMoO- ) 
both a t room temperature and 100 C. The i n i t i a l white mix-
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t u r e tu rned t o yellow co lour . The mechanism of t h e r e a c t i o n 
i s given a s , 
Ag2MoO^ + HgClBtr •> AgCl + AgBr + HgMoO^ (5) 
This i s in l i n e wi th t h e l a r g e r c a t i o n s going wel l 
wi th t h e l a r g e r anions and smal le r c a t i o n s wi th smal le r 
a n i o n s . Thermal and c o n d u c t i v i t y measurements a l so support 
t h i s view. In o the r h igher molar r a t i o s , r e a c t i o n fol low 
t h e same mechanism, Conpounds i d e n t i f i e d in d i f f e r e n t mo-
l a r r a t i o mixtures of AgpMoO^ and HgClBr a r e given in 
Table V. 
Table - V 
Conpounds i d e n t i f i e d in d i f f e r e n t molar r a t i o mix tures of 
Ag^MoO^ and HgClBr. 
Molar r a t i o s of 
Ag^ MoO and HgClBr - / ^ — 
in d i f f e r e n t mix-
Conpounds I d e n t i f i e d in d i f f e r e n t 
•tures .Mixtures kept a t Mixtures ma in t a in -
room tempera tu re ed a t 100°C for 
for 15 days . 24 hr and cooled 
t o room t empera tu re 
2:1 AgCl,AgBr,HgMoO^ and AgCl,AgBr,HgMo04 
Ag2MoO^ and Ag2MoO^ 
1:1 AgCl,AgBr,HgMoO^, AgCl,AgBr and 
Ag2MoO^ and HgClBr HgMoO^ 
1:2 AgCl,AgBr,HgMoO^, AgCl,AgBr,HgMoO^ 
Ag^MoO^ and HgClBr and HgClBr ^ 
1:3 AgCl,AgBr,HgMoO^, AgCl,AgBr,HgMoO, 
Ag^MoO^ and HgClBr and HgClBr 
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In l a t e r a l diffusion the sequence of product obser-
ved i s as follows: 
Lg2MoO^ HgMoO^ AgCl,AgBr HgClBr 
The reac t ion proceeded smoothly with the formation of pro-
duct layer on AgpMoOr s ide , even when the r eac tan t s were 
placed with an a i r gap between the r eac tan t s a t the s t a r t 
i t s e l f . This suggest tha t HgClBr moves as such and once 
ins ide the reac t ion zone, r e a c t s with A^MoO^ to give ob-
served sequence of products in reac t ion tube . Latera l 
diffusion data best f i t the equation. 
X^ = kt 
The value of n var ies from 2,60 to 2,11 in the tenpera ture 
range 65-108 C and r e g i s t e r s a constant value of 2 in the 
o 
tenperature range 118-140 C, The ac t iva t ion energy evalua-
ted at lower and higher temperature ranges were 180 kJ/mol 
and 66 kJ/mol respec t ive ly . This suggest t ha t in lower 
temperature range the process i s reac t ion control led , but 
as temperature increases a s i t ua t i on i s reached where the 
process becomes diffusion control led and n decreased gradu-
a l l y and a t ta ined a constant value 2, Kinet ics of the r e a c -
t i o n were studied also by keeping a i r gap between the r e a c -
t a n t s . Reaction r a t e was found to decrease with increase in 
length of a i r gap. 
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Values of diffusion coeff ic ient of HgClBr in a i r 
and for surface migration suggest tha t the sol id HgClBr 
reac t mostly in gaseous form. 
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CHAPTER - I 
INTRODUCTION 
- 1 -
Solid s tate sciences has exerted larger and broader 
impact on newer areas of sicences and technology, as evi-
denced by the rapid growth of th is field during the las t 
quarter century. Thus considerable basic work on the 
theory of solid-solid interactions are reported over the 
years, part icular ly in the s ix t ies , as a resul t of the emer-
gence of solid s ta te devices. I t is only the applications 
1 2 of solids that has stimulated a growing interest * in 
solid s tate reactions. Their increasing applications in 
metallurgy, ceramic technology, laser chemistry, manufac-
ture of a r t i f i c i a l gems, geochemical processes, and in che-
mistry of polymers and propellants have added new dimensions 
to their importance. Various solid oxides and their solid 
solution find use in television, radar and j e t planes, and 
solid solid exothermic reactions are the chief source of 
heat in spacecraft. 
In solid state reactions, the reactants have only 
restr ic ted access to each other as compared to the reac-
tions in fluids where intimate contact between reactant 
molecules is a natural consequence of kinetic nature of 
reactants . In solid s ta te reactions, a t least one reactant 
diffuses into the other in order that reaction may be 
in i t ia ted and propagated. Thus the main point on which 
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chemical reaction in solids distinguish themselves from 
those occurring in liquid or gaseous phase is the ei'-fect 
o£ lattice structure , and diffusion mechanism. Whether, 
it is transformation of crystal structure or formation of 
chemically different solid, they involve rupture of old 
4 
bonds and formation of new ones to form product , Evi-
dently, reaction will, therefore occur far easier in 
liquids and gases than in solids. Usually solid state 
reactions are diffusion controlled. Tarnishing, deconpo-
sition, polymer degradation, polymerisation and oxidation 
5-13 
reaction involving solids have been studied by many workers. 
The systematic study of reactions between solids 
14 15 
goes back to the work of Faraday in 1820 and of Sjpring 
in 1885, who claimed to have observed reactions in solid 
1 ft 
state and that of Sir Robert-Austen on the diffusion of 
17 gold in lead at different temperatures. Masing in 1909 
found that compressed metal filings reacted at temperature 
18 
below those of "eutectic" mixtures. In 1910, Cobb des-
cribed reactions between quartz and alumina with calcium 
carbonate or calcium sulfate. Hedvall * in 1912 and in 
subsequent years demonstrated that reactions in solid state 
occur frequently and represent indeed an important branch 
of chemistry. Hedvall has devoted over thirty years on this 
21 
branch of chemistry. Most of the work on solids has evi-
dently been carried out by scientists among whom Fischback, 
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Huttig, Jander, Jost, Seith, Tammann and Tubandt besides 
Hedvall may be quoted. 
The general problem of solid state reaction is two 
fold, r'irstly, the experimental determination of reaction 
rate and morphology as a function of all independent vari-
ables. Secondly the calculation of the reaction rates and 
prediction of the morphology under a given set of indepen-
dent variables in terms of known thermodynamic and trans-
port properties of the system under consideration. These 
require the knowledge of the atomistic mechanism of the 
fundamental steps such as nucleation, phase boundary reac-
tions, sintering and diffusion. Such studies will provide 
valuable aid in furthering the practical utilization of 
22 
reaction in solid state. However, as Stringer et al, 
have pointed, the theoretical models in general not ade-
quate for interpretation of real cases and to account for 
the kinetic analysis, more data and observations are needed, 
Real systems are usually in a state of considerable imper-
fections. Lattice imperfections influence all types of 
elementary steps in a solid state reaction. They often 
constitute preferred sites for reaction and nucleation. 
In addition, lattice imperfection makes solid state diffu-
sion possible and enable the reactants to reach each other. 
- A -
Obviously, for a quantitative treatment o£ the reac-
tion kinetics, one has to make several assunptions. Among 
them the most important are the assumption of local ther-
modynamic equilibrium in the solid phases taking part in 
the reaction and a thermodynamically well-defined system 
in which the proper number of independent thermodynamic 
variables are predetermined. In principle, knowledge of 
point defect thermodynamics, thermodynamic properties of 
the systems, and that of Fick's law are sufficient to treat 
the kinetic problem quantitatively. This treatment can be 
satisfactorily applied to precipitation and deconposition 
reactions in solids, taking into account the elastic part 
of the chemical potential ^ "^ '^ , 
The gradient of chemical potential is the local 
driving force for the fluxes of the components. There are 
other solid state reactions in heterogeneous systems which 
proceed under the action of other kinds of driving forces 
such as relative temperature gradients or phase boundary free 
energies. The kind of reaction under the action of a tempe-
rature gradient has been analysed recently in detail , and 
the solid state reactions driven by phase boundary free 
energies are the so called ostwald ripening process * . 
The reaction between heterogeneous solid phases, 
where phase boundary control the overall rate, are very 
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important and have been studied in a number of solid gas 
reactions where a l inear ra te law indicates that diffusion 
28 control does not play the predominant role . Although 
i t has been found in a number of solid s tate reactions in 
ionic systems that the l inear rate law is the i n i t i a l ra te 
determining step, the atomistic reaction mechanisms are not 
yet understood. This i s due to the fact that in contrast 
to the gas solid reactions, i t is extremely di f f icul t to 
study the l inear reaction rate as a function of the component 
ac t iv i t i es at solid-solid interfaces. But a knowledge of 
the reaction rate as a function of the independent variables 
i s a pre-requisi te for a correct analysis of the atomistic 
reaction steps of a phase boundary reaction. 
The fact that solid substances, and in part icular 
crystal l ine compounds, can act as ionic conductors has been 
known since the end of las t century, Followjjig early 
reports of ionic conductivity Nernst in 1899 developed a 
29 high temperature cell , using a mixed oxide solid ionic 
conductor, A material is said to be solid electrolyte only 
when i t i s in a phase that possesses a structure conducive 
to ionic mobility. Ionic conduction in solids is not new. 
It goes back to the work of Joffe , Frankel and Shottky 
32 and Wagner , Ionic conduction in solids is made possible 
by disorder in crystal l a t t i c e , i . e . deviation from ideal. 
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order. During last twenty years a renewed interest in 
solid electrolytes occurred parallel to fuel cell research. 
Furthermore new solid electrolytes having conductivities 
near room tenperatures comparable with conventional aqueous 
electrolyte solutions have been discovered recently. Apart 
from the application in fuel cells and in solid batteries, 
solid electrolytes are important in the field of photogra-
phy and for the determination of thermodynamic data at high 
tenperatures. Number of review articles , are available 
dealing generally the electrical conductivity behaviour of 
solid electrolyte. 
The majority of industrial catalytic processes are 
heterogeneous and enploy solid electrolytes. All factors 
affecting the reactivity of solids are important for the 
preparation of highly active catalysts. The thermal 
deconposition reaction is commonly used to prepare active 
catalysts. An example of catalysts conprising ionic 
solids are zeolite-containing catalysts, which in recent 
years have been introduced to such important industrial pro-
cesses as cracking isomerization and polymerization, and 
many others. 
Very few efforts have been made to describe the 
classification of solid state reactions. The first attempt 
to classify the solid-solid reactions in a systematic way 
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39 
was due to Jander , which was based simply on the nature 
of the chemical reaction only. It has got no th(>oretical 
AO basis and hence it is ignored today, Muller introduced 
a number o£ simplified ideas for chemical processes and 
41 
reduced the former's classification to seven. Later Jost , 
giving priority to the formation of solid solutions and 
ignoring the solid state reactions forming new products, 
classified into three categories. His classii'ication is 
good only for metallurgical systems, Roginskii " studying 
the topochemical reactions, proposed the classification on 
the basis of the state of the product formed. 
In reactions involving solids, five reaction type have 
been distinguished, namely: solid state deconposition, di-
merization, reaction between a solid and a gas, another solid 
or a liquid, and reactions at the surface of a solid which does 
not enter into overall reaction equation. Mechanism Wise, 
solid state reactions are roughly classified as under, 
1, Diffusion controlled reactions in which atomic motions 
are largely uncorrelated, 
2, Diffusionless phase transformations which involve co-
operative motion of atoms; and 
3, Reactions that involve extended defects and the com-
bine features of the first two classes, Christian^3 
has given a detailed discussion of the classification 
of reactions and transformation of metallurgical 
interest. 
-8 -
There are, however, alternative schemes for 
classifying solid state reactions in which the product 
structure has a definite relationship to that of the 
reactants. The reference has been made to the phenomenon 
44 45-A6 
of topotaxy and to such processes as topotactic reactions, 
47 
In the terminology of Bernal and Mackay , the term recons-
tructive transformation is used when a major rearrangement 
of bonds precludes any correlation between the orientation 
of reactant and the product. The detailed atomic mechanism 
by which these orientation relation come about is a topotac-
tic mechanism, hence topotaxy thus describes the mechanism 
of reactions which involve structural relations between re-
actant and product. Likewise, epitaxy is a two dimensional 
correlation between the reactant and product, but having no 
4 Q 
correlation in the third dimension. Ubbelohde distinguish-
ed between discontinuous and continuous phase transformations 
according to classical thermodynamics. Phases related 
structurally are usually not independent in thermodynamic 
sense and their interconversions are usually continuous trans-
formations. The structural relationship is given much impor-
tance for solid state reactions. 
The properties of solid may be divided into two 
groups: (i) Structure sensitive, and (ii) Structure insensi-
tive properties. Structure insensitive properties are well 
9 -
defined under given external conditions and are independent 
of the history of the specimen and i t s dimensions l ike 
chemical formula, l a t t i c e dimension, density e tc . Structure 
sensitive properties are direct ly aiffected by factors l ike 
the mode of preparation of the specimen, the par t i c le size 
and shape, e lec t r ic conductivity and absorption spectra of 
real crystals . The chemical react ivi ty is usually structure 
sensitive as is evidenced by the fact that catalyt ic act ivi ty 
of solids and i t s abi l i ty to luminence fluoresee may vary with 
the mode of preparation or treatment. 
During the progress of heterogeneous solid-solid 
reaction (solid state reaction between two solids giving one 
or more product phases), the product thus formed separates 
out. Therefore, the progress of the reaction has to be 
attributeii to a transport of the reactants across phase 
boundaries and through the reaction product. In order to 
understand solid-solid reactions, i t is required to explain 
the transport of matter in the reaction product under the 
action of chemical or electrochemical potential gradients. 
Since transport in solids is essentially due to the move-
ment of point defects, the understanding of the behaviour of 
point defects is important. 
In a solid-solid reactions, different steps such as 
nucleation, transfer of matter across phase boundaries and 
diffusion in reaction product occur. Therefore, besides 
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defect thermodynamics, the diffusion theory i s the bas is 
for the explanation of so l id - so l id r eac t i ons . 
In general , so l id - so l id reac t ions are exothermic. This 
follows from the fac t tha t the overa l l d r iv ing force for the 
reac t ion i s the difference between the Gibbs energy of the 
c r y s t a l l i n e reac tan ts and the reac t ion products and tha t the 
reac t ion entropies are in general qui te small . 
The problem of determining the mechanism of a sol id 
s t a t e react ion i s eas i ly understood provided tha t the macro-
scopical ly measured reac t ion r a t e i s in terpre ted in terms 
of the change in the Gibbs energy and the respec t ive funda-
mental t ranspor t coef f ic ien t s . This can be achieved if the 
number of poss ib le var iab les are minimized and r igorously 
defined. This i s poss ib le a t best if the r e a c t a n t s are 
s ing le c rys t a l s and if, in addi t ion to pressure and tenpera-
t u r e , the appropriate number of chemical p o t e n t i a l s of compo-
nents i s predetermined according to the phase r u l e . Only in 
the cases of binary or quasi-binary systems,a cross sect ion 
of the phase diagram can be obtained ^, If phases with 
extended homogeneity ranges are present and the above pa ra -
meters are known, then one can ca lcu la te the composition 
50 
versus distance curves in the related systems , 
c £i c >* Ao 
A number of reviews ' ' " are now available which 
have contributed significantly towards the understanding of 
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some of the fundamental aspects o£ solid s ta te reactions 
such as nucleation, transfer of matter beyond phase boun-
dary and most important of a l l the role of imperfections, 
6^ 64 Extensive treatment are available in the l i t e ra tu re * 
Crystal defects and their role in Solid State Reactions 
Chemical reactions in solids are fundamentally 
dependent i^ jon imperfections. The more imperfect a crys-
t a l i s , higher will be i t s react ivi ty . The l a t t i c e of a 
real crystal always contains imperfections. The ideal 
crystal is an abstract concept that is used in crysta l lo-
graphic discript ions. Characterization of crystal l ine 
defects is essential for the understanding of react ivi ty 
of solids. A suitable classification of crystal l ine 
defects can be achieved by f i r s t considering the so 
called point defects and then proceeding to higher dimen-
sional defects. Point defects are atomic defects whose 
effect is limited only to thei r immediate surroundings. 
Examples are vacancies in the regular l a t t i c e , or in ter-
s t i t i a l atoms. Dislocation are classified as l inear or 
one-diir,ensional defects. Grain boundaries, phase bounda-
r i e s , stacking faults and surfaces are two-dimensional 
defects. Finally, pores and macroscopic inclusions are 
three dimensional crystal defects. However, even a single 
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crystal with a very small number of dislocations has 
lattice defects on atomic scale which increase with the 
rise in temperature. Therefore to each temperature, there 
corresponds a precise concentration of defects. Apart 
from the properties of crystals, therefore the tenperature 
alone determines the concentration of such lattice defects. 
Lattice defects play important role in solid state reac-
tions because diffusion process in solids is controlled by 
the concentration and mobility of such defects. The most 
important lattice defects in connection with chemical reac-
tions in solids are point defects. The simple lattice 
defects, vacancies and interstitial atoms, take part in 
variety of processes leading to phase changes, precipi-
tation, order- disorder transformation and chendcal reac-
tions in solids. 
frankel^ in 1926 and Shottky in 1935 developed 
theories regarding the presence of interstitial and vacancy 
defects in crystals. If a crystal is constructed by the 
stepwise addition of single particles, and if now and then 
a regular lattice site is left unoccupied, then we say that 
crystal contains vacancies. If atoms or ions are intro-
duced into the normally unoccupied spaces between regular 
lattice sites, then we speak of interstitial atoms or 
interstitial ions. Regular lattice sites can be occupied 
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by foreign particles, this is called substitutional dis-
order. They all are point defects. In Frankel type dis-
order like in case of AgBr and other silver halides, there 
exist equal concentration of cation vacancies and of silver 
65 ions in the interstices (Fig, la). In Schottky defect, 
there are equal number of vacancies on the cationic and 
anionic sublattices (Fig. 1b). 
o 
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Ag"*" Br" K"*" C l " 
F ig , 1(a) Frankel de fec t F i g , 1(b) Schottky de fec t 
i n AgBr, i n KCl. 
D e s p i t e t h e i r r e l a t i v e l y h igh energy of fo rmat ion , p o i n t 
d e f e c t s a r e t h e only d e f e c t s which e x i s t in thermodynaniic 
e q u i l i b r i u m in any a p p r e c i a b l e c o n c e n t r a t i o n s . The e q u i l i -
brium c o n c e n t r a t i o n of po in t d e f e c t s can be fi>ced by 
p r e s s u r e , t empera tu re and composit ion of t h e c r y s t a l . Since 
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in most cases t h e i r concentration are very small, the 
laws of d i l u t e solut ions may be used to ca lcu la te the 
dependence o£ concentrations oX defects ipon the indepen-
dent thermodynamic va r i ab l e s . This has been done corrpre-
hensively in the pa s t , on the bas is of the Wagner-
67,68 
Schottky treatment for binary meta l l ic and ionic compounds . 
For non metals the Kroger-vink approach based on the p ro -
69 • 
posals of Brouwer using the chemical po ten t i a l of s t r u c -
t u r e elements and neglect ing minor defec t s , balancing equa-
t i o n s have been accepted qui te general ly. Therefore the 
majority defects which cons t i tu te a disorder type govern 
the a c t i v i t y dependence of defect concentrat ions. This 
suggest that point defect equ i l i b r i a are establ ished in the 
react ion product. If reac t ion between point defects in 
order to maintain the in te rna l equ i l i b r i a are homogeneous, 
i t can be shown tha t t h e i r re laxa t ion times are small 
70 conpared with the time of the sol id s t a t e reac t ion . In 
a l l other cases, the re laxa t ion of in te rna l equ i l i b r i a 
depend on the density of the sources and sinks of the point 
defec t s . The re laxat ion time then may be calculated with 
71 72 the help of appropriate models ' or measured independently. 
The d i rec t interchange of atoms without the i n t e r -
vention of point defect i s energet ica l ly unfavourable, 
p a r t i c u l a r l y in case of closed packed s t ruc tu re s . Diffusion 
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is therefore occurring through lattice defects. Succe-
ssive interchange of lattice atoms with an interstitial 
atom may also be responsible for diffusion but energy 
of formation of interstitial is very high and it can not 
be produced by thermal means. In most of the cases 
diffusion takes place by vacancy mechanism because energy 
of formation and migration of lattice vacancy are of right 
order of magnitude, as also they are responsible for self 
diffusion and interd if fusion. 
During their migration the excess vacancies cause 
atomic interchange and therefore may influence many solid 
state processes which are aiffusion controlled. For 
instance, the acceleration of the ordering of Cu^A, 
alloy by rapid quenching from high temperature has been 
73 74 
observed * , Similarly increase in the transition tem-
perature difference of ex - and j3 - Agl in AgI-AI„0^ compo-
site, with every increase in the concentration of Al^ O-. 
in the composite, which cause generation of vacancies at 
7S 
AgI-AI.,0 interface'^. 
Point defects can interact with each other elasti-
cally through distortion of the surrounding lattice. They can 
also interact electrically, if they are effectively charged. 
If the attractive forces, e.g. the coulombic interaction 
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between oppositely charged defects; appreciably exceed 
the temperature energy per degree of freedom, measured 
in units of Kt, then defect associates or defect complexes 
will be formed. It follows that the formation of com-
plexes will be favoured by low tenperature as long as no 
kinetic barriers are present, Exanples of complexes are; 
(i) double vacancies in metals , and (ii) the electrically 
neutral complex between a cation vacancy and a divalent 
alkaline earth cation in alkali halides in which cation 
vacancies have been introduced through doping with alkaline 
77 
earth halides 
Dislocations are one dimensional defects. They are 
largely responsible for the plastic behaviour of aolids. 
7B The idea of dislocation was developed by Taylor and 
79 
Orowan . Two of their properti.is are particularly impor-
tant in connection with the solid state reaction, firstly 
they can serve as a site of repeatable growth within a 
crystal and secondly they can act as fast diffusion paths. 
They also act as a preferential nucleation sites for the 
formation of new phases. Edge dislocation, which is gene-
rated at the plane of the crystal under the influence of 
a shearing force, plays an imoortant role in bringing 
equilibrium among the point defects, since the dislocation 
line serves as a site of repeatable growth in the same way 
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as surface does , At equilibrium a cloud of defects 
is formed around dislocation line and a higher shearing 
stress is necessary to cause gliding during plastic defor-
^. 81 
mation , 
Interfaces are two dimensional defects and play an 
important role in solid state reaction. During heteroge-
neous reaction mass transport occur across interfaces. 
As sites of repeatable growth, interfaces c^ n permit equi-
librium between point defects to be attained. In sintering 
process they serve as vacancy sinks and as path of rapid 
transport. The interfaces which occur most frequently in 
crystals are outer surfaces, phase boundaries and grain 
boundaries. At thermodynamic equilibrium, the electro-
chemical potential across the interface remains constant, 
but the chemical potentials of the conponents change because 
of the change in lattice structure. Therefore, electrical 
charges, and discontinuities in electrical potential are 
observed at interfaces. These electrical charges can be 
limited to a depth of an atomic spacing as in the case of 
metals or, as in the case of a semiconductor, they can 
extend well into the interior of material depending upon 
its electrical conductivity. The occurrence of all these 
interfaces depends upon the condition of preparation of 
solids, as for example, upon the method of solidification 
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or or deposi t ion from vapour phase or upon r o l l i n g , drawing, 
bending e t c . and tpon the subsequent anealing process by 
means of which transformation, r e c r y s t a l l i z a t i o n or re laxa-
t i o n can proceed , 
Defects in so l ids are able to a l t e r i t s composition 
and a phase with homogeneity range can be defined in the 
broadest sense as a sol id solut ion where one or more kinds 
83 
of atom are gained or l o s t , The extent to which a binary 
conripound can exis t as a unique phase are measured by a 
va r i e ty of physical and chemical techniques and u.any c lasses 
of inorganic compounds are reported to have wide composition 
l i m i t s r e f l ec t i ng high concentration of random defec ts . 
The concept of non-stoichiometric compounds is important, 
for i t can r e t a i n , simple formulae for inorganic compounds 
and ext rac t ing or adding atoms from or to a r ig id three 
dimensional i n f i n i t e l a t t i c e framework, For example the 
high temperature form of NbpOi- has a complex X-ray powder 
84 d i f f r ac t ion , and preparat ions in the region NbO^ t^ NbOp 
could be described sometime ago as a nonstoichiometric 
compound with a wide homogeneity range. This could have 
been caused e i the r by the presence of addi t ional niobium 
atoms i n t e r s t i t i a l l y , which could have increase the 
densi ty or by vacancies, following the removal o£ oxy^jen 
atoms, which would decrease i t . dumber of d i s c r e t e phases 
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a re often present within the composition region of non 
s to ichiometr ic compounds , The formulae of newly recog-
nized compounds are no longer simple, but t h e i r s t ruc tu res 
a re closely re la ted to each o ther . 
They a l l contain an ordered or recurr ing abnorma-
l i t y , which may be valency in case such as Cr-3 
R7 Pr-0 systems. Also the f au l t may be i n t e r s t i t i a l as 
D O 
for the alkali metals in the cubic tungsten bronzes and 
89 
oxygen or fluorine in the fluorite structures . Similarly 
recent studies on the conductivities of large variety of 
halides (rare gas solids, lithium halides, lead halides, 
stroncium fluoride) showed that bulk properties of these 
90 
compounds are related with point defects . Similarly 
91 
studies on transition metal oxides showed that point 
defects are responsible for the diffusion, Danilenko 
92 
et al. have described the method of calculating the 
interaction characteristics of impurity atoms with metal 
grain boundaries and wer^ fovmd to be function of tempera-
93 ture for chromium and tin. Pashcheuko suggested that 
defect mechanism is the dominating factor during the syn-
thesis and sintering of ferrites. 
In high temperature chemical processes, part played 
by point imperfections tend to prodoniinate over the part 
played by line imperfections, and therifore the mechanism 
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of ciiffusion i s in favour of nii(_;^ration via point defec ts , 
94 This i s the basis of V/agner's theory of high temperature 
oxidation and t h i s proved successful in descr ibing tiie 
91 95 high temperature oxidation of number of metals * , 
Besides these defects there are other defects also 
which play ro l e in r e a c t i v i t y of s o l i d s . Pores and macro-
scopic inclusions are three-dimensional c rys t a l defec t s . 
From the standpoint of r e a c t i v i t y of s o l i d s , pores can be 
96 
very important, Pfe i f fer ana Thomas described the forma-
t ion of porous scales during oxidation ( ta rn i sh ing) and 
97 d i rec t reduction of ores . In many sol id s t a t e reac t ions , 
gaseous products are also formed along v;ith sol id products , 
e .g . during the react ion of TiOp with BaCO;, to produce BaTiO^ 
with the formation of CCp(gas), In such cases, as in the 
case of ore reduction, the formation of a porous product 
surface layer of decided importance for the progress of the 
reac t ion . 
This brief discussion underl ines tha t the r e a c t i v i t y 
of so l ids i s a s t ruc tu re - sens i t i ve proper ty . 
Diffusion 
Diffusion i s a t ranspor t process of matter in a matter 
due to thermally act ivated motion of atoms, ions or molecules, 
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Diffusion of gases and l iqu ids i s r e l a t i v e l y a simple process 
and has been explained qui te s a t i s f a c t o r i l y . In contrast 
diffusion in so l ids i s qui te complex. The study of diffusion 
in sol ids i s very important because of i t s ro l e in c o n t r o l l -
ing r a t e of sol id s t a t e processes . Over the pas t decade, the 
study of atomic t ranspor t in so l ids has developed into a co-
herent f i e ld of fundamental research tha t has important app l i -
cat ions in corrosion, heterogeneous ca t a lys i s and solid s t a t e 
98-102 electrochemistry . A number of reviews have appeared 
t h a t explain the diffusion mechanism in s o l i d s . Also recen t -
ly accounts of self diffusion are ava i lab le for metals * , 
, ^ . , 105,106 . , 107,108 ^ .^v, A 109,110 
ha l ides ' , oxides ' and other compounds ' 
Depending on the mode of migration of atoms, ions e t c . 
we have bulk diffusion, surface diffusion and diffusion along 
c rys ta l faces, the former of which has been a subject of 
thoroughi study. 
Elucidation of diffusion mechanisms i s often very 
d i f f i c u l t and i s qui te complex. I t was not c lear in eai ly 
s tages whether solid s t a t e react ions go through diffusion in 
111—11^ 
solid state or via vapour phase ~ , The first idea of 
114 115 diffusion mechanism seems to be given by Havesy . Joffe 
in 1925 suggested other ideas on the mechanism of mass trans-
fer in crystalline lattice, which was the basis of the quan-
65 titative treatment of the diffusion theories of ii-Yenkel 
116 
and later Wagner and Schottky 
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According to V/agner and many o thers , diiTusion 
mechanism can be c lass i f ied depending on the type of eleinen-
117 11R 
tary jumps, as follows * 
119 
1. Rotation mechanism -^  such as exchange mechanism, ring 
mechanism. This happens in a purely perfect crystal. 
2, Defect mechanism * * such as interstitial mechanism, 
interstitially mechanism, crowdion mechanism, vacancy 
mechanism etc. 
122-124 
3 . Grain boundary and d i s loca t ion mechanism and 
4, Vapour phase diffusion. 
To decide which of the mechanism w i l l be operat ional 
in a p a r t i c u l a r case, the following considerations are ou t -
l ined . 
I ) Diffusion would prefere the mechanism which requi res 
the lowest ac t iva t ion energy. By comparing the a c t i -
vat ion energy with tha t of the heat of subliniation, 
i t i s easy to p red ic t as which one i s l i k e l y . Diffu-
sion takes place by defect mechanism if the ac t iva t ion 
energy i s much higher than the heat of sublimation. 
iVhile vapour phase mechanism occurs when ac t iva t ion 
energy i s equal to tha t of sublimation energy. Low 
value of ac t iva t ion energy vi/ould ind ica te e i the r sur -
face migration or grain boundary diffusion. 
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I I ) If the i n i t i a l rate oi reaction is directly propor-
tional to the dissociation pressure of the species, 
the reaction should proceed via the vajjour phase 
diffusion, 
I I I ) Kinetic studies involving powdered solids when the 
reactant are in contact and when they are separated 
by an air-gap, also through light on the understanding 
of type of diffusion involved. If the rate of product 
formation is same in both cases, i t indicates that the 
reaction proceeds via vapor phase diffusion, »Vhile if 
no product is formed when the reactants were kept 
apart then surface diffusion is involved. This simple 
experiment has been used in determining the course of 
certain solid s ta te reactions, 
125 
IV) Inert markers have been used to confirm whether 
diffusion occurs by defect-mechanism or not in those 
solid s ta te reactions where penetration is not possible 
and reaction occurs only at interface. If the d is -
placement of inert marker is proportional to the square 
root of diffusion time, then the diffusion is by defect 
mechanism is ascertained. 
In a solid-solid reacting system, two solids react to 
form a product which separates them. Further reaction progre-
sses through three steps in a series: self diffusion of the 
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r e a c t a n t s p e c i e s , i f d i f f u s i o n through t h e product l a y e r and 
f i n a l l y i t s d i f f u s i o n and r e a c t i o n in t h e o t h e r r e a c t a n t . 
Thus, t h r e e d i f f u s i v i t i e s a r e involved . Again counter d i f f u -
s i o n and l i n i - d i r e c t i o n a l d i f f u s i o n may be involved in t h e 
p r o c e s s . 
Self d i f f u s i o n in pure meta ls i s c h a r a c t e r i z e d by t h e 
obedience of Arrhenius equa t ion D = A exp ( - -3-^- ) . I t has 
1 ?A been suggested t h a t s e l f d i f f u s i o n i n meta l s invo lve 
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vacancy mechanism. Experiments on i r o n a l s o suggest 
vacancy d i f f u s i o n in bo th , t h e body cen te red cubic (bcc) and 
f ace cen te red cubic ( fee ) p h a s e s . However extremely ca re fu l 
measurements over a wide range of tenipera ture i n d i c a t e d t h a t 
t h e r e may be a s t r o n g cu rva tu re in t h e Arrhenius p l o t s of 
1?R 1?Q 
l o g D ve r sus 1/T, This p r o v i d e s s t r ong evidence * fo r 
t h e s imul taneous o p e r a t i o n s of more than one mechanism. This 
103 i s more pronounced in most of bcc r e f r e c t o r y meta l s , and 
t h e s t r ong cu rva tu re i s expla ined in terms of s e p a r a t e h igh 
and low te r rpe ra tu re c o n d u c t i v i t y . The low t empera tu re 
d i f f u s i o n appears t o invo lve monovacancy mechanism but d i J f u -
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s i on a t h igh t empera tu re i s not unders tood . In sodium i t 
i s suggested t h a t divacancy migra t ion i s c o n t r i b u t i n g to t h e 
t o t a l d i f f u s i o n , 
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Devia t ion from normal s e l f - d i f f u s i o n a r e found in 
c e r t a i n o t h e r meta l s l i k e ^ - Z i r c o n i u m , R-Hofnium, ^f-uranium. 
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R -Prutonium etc. There has been no satisfactory explanation 
for this anamalous behaviour. It seems that owing to diffi-
culty in getting these metals pure, the diffusion is inhanced 
due to an excess intrinsic vacancy concentration associated 
with an impurity such as oxygen, or it may be due to different 
mechanism in operation either alone or with a vacancy mecha-
nism. Dislocation mechanism may be another possibility, be-
cause there will be an unusually high dislocation content on 
account of phase change, necessary in all cases to reach the 
diffusion temperature, and which may be retained during the 
diffusion because of high impurity content. Another inportant 
factor is the diffusion of very dilute solutes or impurities 
in metals * , The main features of this impurity diffusion 
are the total obedience to the Arrhenius equation, with values 
of activation energy, E, and frequency factor. A, that do not 
differ appreciably from the values for solvent self diffusion. 
This close similarities between solute and solvent diffusion 
rates justify the assumption for a vacancy mechanism for both. 
Deviation from normal behaviour have been observed -^  in ' 
the diffusion of noble metals and some other transition metals 
like Zn, Cd, Co etc., in solvent as alkali metals and of silver 
136 in Pbs , Such behaviour suggest for another mechanism and 
it is believed that this fast impurity diffusivity is due to 
the solute being dissolved interstitially and its diffusion is 
by interstitial or interstitially mechanism. 
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The e f f ec t of c a t i o n nonstoichiori ietry and accep to r 
(Na*,K*) and donor i m p u r i t i e s on s e l f d i f f u s i o n of Ca and 
W in CaWo, was s tud ied and r e s u l t s were found to be r e l a t e d 
t o t h e vacancy mechanism of d i f f u s i o n . S i m i l a r l y c a t i o n s e l f 
137 
d i f f u s i o n and impuri ty d i f f u s i o n in f e r r i c oxide was s tud ied 
and d i f f u s i o n c o e f f i c i e n t of Fe was measured as a func t ion of 
t empera tu re . Various d i f f u s i o n s t u d i e s i n d i c a t e t h a t c a t i o n 
s e l f d i f f u s i o n occurs by i n t e r s t i t i a l mechanism and i m p u r i t i e s 
a l s o d i f f u s e by an i n t e r s t i t i a l mechanism of FepO_. 
I m p u r i t i e s can be sepa ra ted from s o l i d s by thermal 
d i f f u s i o n . The k i n e t i c s of impur i ty s e p a r a t i o n from s o l i d s 
by thermal d i f f u s i o n was s tud i ed -^  by t a k i n g in to c o n s i d e r a -
t i o n t h e l i f e t ime of t h e atom on t h e su r f ace wi th r e s p e c t of 
d e s o r p t i o n as wel l as t h e e f f ec t of e l e c t r o n wind on t h e 
d i f f u s i o n of t h e impuri ty atoms. 
We cons ider he re r e a c t i o n s where t h e composit ion of a 
s o l i d phase i s changing wi th t ime because of t h e i n t e r d i f f u -
s i o n of two components A and B. The i n t e r d i f f u s i o n c o e f f i -
c i e n t niay b e s t be def ined "''' i n terms of t h e d i f f e r e n c e of 
v e l o c i t y AV of t h e two components o r e q u i v a l e n t l y in terms 
of t h e d i f f e r e n c e in f lux of A and B, t h u s 
-D = V (CgJ^ - C ^ J g ) / A C g (1) 
Here C. and Cg are mol fractions and J and J are the fluxes 
of A and B while V is the molar volume. The flux is related 
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to the velocity by '^  C = JV and will depend on the coordinate 
system, so that one may define diffusion coefficient, D and 
Dg as, 
D^ = V. J^/AC^ , etc. 
so that D = CgD^ + C^D^ (2) 
If chemical and tracer diffusion occur by the same mechanism, 
it may be shown that. 
^A " ^ A* (c)lno<r/^)lnC ) (3) 
where D is the tracer diffusion coefficient and a thermo-
dynamic quantity. 
Effect of alternating stress on the mechanism of 
141 inhanced diffusion in solids was explained giving the three 
mechanisms for inhanced diffusion. 
In fact the study of diffusion in solid state reaction 
is the foremost necessity. 
Sintering 
Sintering is the process which can affect both the rate 
of the reactions between solid substances and also the proper-
ties of final products.Cause of solid state reaction in sinter-
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ing is the minimization oi the total surface free energy. In 
sintering, a mass of separate, small particles of a material 
are joined together under the influence of heat, to form a 
solid, dense body of great strength. The resulting mass 
still contains pores and voids, so that the density falls 
short of that for a single crystal, but the open volume is 
greatly reduced as compared ivith the powder. 
Several stages are involved in the sintering process, 
p'irst, the surface-roughness is destroyed, that is surface 
becomes smooth. This is followed by the welding of the 
particles at the contact site and finally there is the densi-
fication phenomenon, where much of the void volume which 
resulted from the initial misfit ol the powder particles is 
eliminated. There is naturally a change in the area of entire 
surface of the particles and the surface of the of the contact 
between them. The former decreases while the latter increases. 
During sintering, there is also an increase in the numbers of 
non-equilibrium grains, a decrease in the lattice defects and 
removal of existing stresses in the contact area of material. 
In earlier time it was thought that liquid phase has to be 
present but now it is proved that particles which are solids 
at all times can be joined by sintering. 
Hence the role played by sintering in solid state re-
actions has far reaching influence and interested scientists 
and technologists for many years and a great number of papers 
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142-147 
and reviews have appeared describing the various as-
pects of sintering processes. The aim has been to establish 
the deriving force of the mechanisms of matter transport, and 
kinetics of the processes that lead to particle joining and 
porosity elimination, describing the mathematical formulation 
of the kinetics of the shrinkages as a function of important 
variables such as diffusion coefficients, particle sizes,etc. 
Also, factors influencing processing times and terrperatures, 
tho structures and properties of the final product have been 
established. 
The sintering process has been divided into three 
stages. The first stage, initial stage describes the growth 
of necks between particles. The separate particles of the 
conpact maintain their identity during this stage and rela-
' tively little shrinkage occurs. 
142 145 Kucznki ' treated the kinetics of the growth 
neck between a sphere and a plane, and a cylinder and a plane. 
He considered four mechanism for neck growth, namely, viscous 
flow, surface diffusion, evaporation condensation and volume 
diffusion. In dealing with diffusion mechanism he referred 
to the flow of vacancies instead of atoms. The deriving force 
for this flow was taken to be the difference between the vacancy 
concentration in the region just under the strongly curved neck 
surface and that in the rest of the system. The neck ^xowth 
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process is visualized as occurring because vacancies have the 
neck surface for interior so that they may achieve their 
equilibrium concentration. In doing so, they increase the 
neck radius, thereby decreasing stress and finally the magni-
tude of the equilibrium concentration. Some of the vacancies 
may be freed to diffuse to grain boundaries and cause shrink-
148 
age. Johnson and Cutler contended that grain boundary 
diffusion is a significant contributor to the initial neck 
growth, which was neglected by Kuczynki, Kingery etc in their 
earlier 'treatments. They analyzed the initial shrinkage of 
AlpO^ and concluded that it is controlled by grain boundary 
diffusion, 
149 Tammann refers to the importance of secona stage, 
also called intermediate stage, when considerable an.ount of 
grain growth occurs and particles lose their identity and 
join together eliminating most of the voids and pores, host 
of the densif ication occurs during this stage. rYoai kinetic 
and mechanism point of view, the intermediate stage is most 
important. The possible mass transport mechanisms in the 
second stage of sintering are, 
(1) Viscous or plastic flow 
(2) Evaporation or condensation 
(3) Volume or surface diffusion 
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The basic idea of the theory o£ interniediate stage s in te r ing 
has been due to the work oT Colbe and co-workers ' , The 
fundairiental theory o£ s i n t e r i ng i s t h a t , due to the sharp 
curvature in the neck formed between two p a r t i c l e s , a vacancy 
gradient was set up which would promote diffusion current in 
t ha t region. This theory has been var i f ied by number of 
model experiments, enploying the system of control led geometry 
such as spheres, cylinders and p l a t e s . The invest igated sys-
tems, Cu-Ni , Au-Ni and F e - N i , at the temperature of s i n t e r -
ing, form a se r ies of sol id so lu t ions . In terdi f fus ion predo-
minates during i n i t i a l stage of s in t e r ing processes . The 
s t r e s se s and vacancy concentration gradients covered by the 
sharp curvature in the contact area, appeared too weak to 
offset the strong chemical concentration gradients . Thus 
the whole process of s in t e r ing was dominated in the f i r s t 
stage by interd if fusion. This in te rd i f fus ion , accoinpanied by 
osmotic phenomena such as Kirkendall-Hartley effect , caused 
an a r res t in the growth of neck between two aajacent p a r t i c l e s , 
u n t i l the chemical gradient across the neck was leveled out . 
Using a great ly simplified model to describe the vacancy flow 
by volume diffusion from a s ingle pore to the boundaries of 
150 the adjacent gra ins , Colbe obtained the dens i f ica t ion 
equation as , 
P = P^ - (KDV V/^ 3 KT)(t- to) (4) 
where P is the porosity, t is the time, D is the diffusion 
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coefficient of the sintering rate limiting species, G is the 
grain size, K is the geometric factor, and subscript zero 
indicates the initial value, Colbe used his equation to ob-
tain values for the diffusion of Cu in Cu and Al in AI2O,, 
and found values equal to that obtained by tracer method. 
Values of diffusion co-efficient D, obtained by Colbe's 
equation are generally larger than those obtained with tracer. 
This is because it did not make allowance for grain growth. 
Change in grain sizes during this stage causes reductions of 
151 
t he number of pores , Johnson has however proposed a t ech-
nique where grain growth may be taken into account. Neverthe-
l e s s h i s method does not yield an exp l i c i t r e l a t i o n between 
poros i ty and time and so i t has never been appl ied] 
152 
Rosolowski and Greskovich have analysed the i n t e r -
mediate stage of s in t e r ing assuming the pores cy l indr ica l and 
located on grain edges, with d i s t r i b u t i o n of r a d i i to occur. 
They did not p lace any r e s t r i c t i o n on s izes and shapes of the 
gra ins , and grain growth according to any time dependence was 
allowed to occur. They also assumed that the pore shrinkage 
took place by volume diffusion, 
153 Schatt -^  discussed the dens i f ica t ion mechanism by 
taking the exairple of s in t e r ing of e l e c t r o l y t i c copper pov/der 
and concluded tha t d i s loca t ion was responsible for the process . 
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In the final stage of sintering the pores occur as 
isolated species located either on the grain corners, or 
totally enclosed within grains as a result of moving grain 
boundaries having swept by them. This stage o£ sintering 
has been studied very little. This is because the porosity 
is only few percent and changes slowly. Hence the shrinkage 
in final stage could be studied only by examining change in 
the number of pores and their size distribution with time. 
Hence large grain growth in the final stage causes a large 
fraction of the pores to end xxp inside the grains, the shrink-
age rate is greatly reduced, Rosowloski and Greskovich 
have observed the flow of vacancies by volume diffusion irom 
pores in the final stage. 
Surface area of the solid bodies in the sintering and 
also the thermodynamic potential of the system, which is the 
driving force for the sintering are decreased. A reduction 
in the total grain surface in a sintering process reduces the 
surface energy and hence complete energy of the system. It 
follov/s therefore that greater is the surface energy, the 
greater its thermodynamic potential. This emplies that fine 
grain powders sinter more rapidly than the coarser one. 
155 
Yang et al. studied the effect of dopants on the 
sintering of polycrystalline CaTiO^ and observed that no 
oppreciable effect of wide list of potential substitutional 
- 34 -
dopants like Ta, TJb, Ce and Cr on the sintereability of 
polycrystalline CaTiO;,. 
The sintering process is greatly influenced by the 
variation in the grain size composition, pores of different 
sizes and shapes and difference in the viscous flow of the 
crystalline and liquid bodies, Aciong the many aspects which 
are essential for sintering, the following appear to be of 
156 
major signiiicance . 
(a) Establishment of the chemical bonds between adjoining 
particles. 
(b) Modifications of these infinite bonds to normal lattice 
bonds in the contact area. 
(c) Surface diffusion of atonis or ions into the vicinity of 
contact area. 
(d) Transfer of material into or through the contact area by 
surface or volume diffusion. 
(e) Hecrystallization, nucleation and crystal growths. 
Nucleation 
Nucleation is the initial process in overall steps 
of solid state reactions, more commonly occurring in phase 
transformation and decomposition reactions. The surface of 
solids is supposed to contain a specific number of potential 
nucleus-forming sites which on receipt oi u critical quantity 
of energy becomes germ nuclei, which are latter transfornied 
to active gro^ vth nuclei. Reaction is confined to the reaction 
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product in ter face with a gradual increase in s ize oi the 
nuc le i . Thus, the k ine t i cs can be described in terjiis oi 
r a t e oi" nucleus Torniation, or of nucleation and r a t e oi 
growth Ox these nuc le i . Activation o£ both steps i s diTTe-
rent and i s l e s s for growth of nuc le i . This leads to the 
viewpoint that the nearness of product and reactant molecule 
inhances the deconiposition, which has ac tua l ly been found 
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for few systems , The reaction rate is thus controlled by 
the laws governing the formation and grov;th of the nuclei. 
On assuming that in solid state reactions, initially 
surface diffusion rapidly coats the surface of the reacting 
particles with a continuous product layer, the rate of reac-
tion is taken to be the rate of diffusional growth of the 
product. However, this is not always the case, especially 
in phase transformations and decomposition reactions or new 
crystalline phase formation from a super saturated solutions. 
Phase transformation often appears to take place more rapidly 
than is expected from the reaction rate theory , Although 
15fl 
several explanations have been advanced , but none of these 
159 
are generally acceptable . Nevertheless, this abnormal 
behaviour i.e. abnormal rate of transformations are governed 
by diffusion and nucleation processes. 
In nucleation process, particles of more stable 
phases are formed which are large enough to be thermodyrami-
cally stable. Nucleation can occur in a crystal in two ways. 
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A local imperfections in a crystal, like point defect or 
line defect, produces strains in its viccinity so that the 
total energy required for the transition to a new configu-
ration is lowered by the strain energy at the site of the 
inperfection. The sites of reduced activation energy means 
that such site will be preferred nucleation centres and are 
called heterogeneous nucleation. Nucleation which occurs 
uniformally throughout the parent phase, is called homogeneous 
nucleation. 
Homogeneous nucleation 
In homogeneous nucleation, spontaneous fluctuations 
of atomic configuration serve to form nuclei, and probability 
of nucleation is equal at every site within the volume of 
parent phase. Volume free energy lowers on formation of se-
cond more stable phase. The elastic energy of the lattice, 
which is generated due to strain caused by nuclei presence, 
and nuclei free energy oppose each other and therefore the 
difference in free energy due to formation of nucleus is given 
by the equation, 
ZNG - -AG,, + A G + A G (5) 
v,a, and e are the free energy changes due to volume, forma-
tion of new surface and elastic strain. Negative value of 
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^G indicates that the process proceeds from unstable to a 
stable state. 
To a first approximation, ignoring the last term of 
equation (5) and considering A G to be proportional to the 
volume of nuclei, and A G to their surface area, the free 
energy change acconpanying the formation of a spherical new 
phase particle, A g can be given by. 
Ag « ^ nr^Agg + JLlLAi^ (6) 
3 
/Sjgg is the surface free energy per unit area, f is the 
radius of the nucleus, Agy is the change in free energy 
due to transformation o£ unit volume. Upto a certain criti-
cal size T , any enlargement of the nucleus requires an 
2 
increase in free energy, because the f dependence of A G 
dominates, but beyond the critical size the decrease in 
3 
free energy due to chemical change, with its Y dependence, 
out weights the increase in free energy required to produce 
new surface. Hence small nuclei are formed due to fluctua-
tion. They grow in their size and may get critical size, 
and further increase in their size result in a decrease of 
the total free energy of the system. 
The number of nuclei formed per unit volume of solid 
is given by, 
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N.Noe-^s/^'^ (7) 
* 
where No is the number of particles in new phase and /\ g 
is the increase in the free energy for a nucleus of criti-
cal size. The critical size of the nucleus can be deter-
mined by differentiating equation (6) with respect to if and 
setting this derivative equal to zero, (d Z^ g/dY ) = 0, with 
the result, 
A gv 
and the corresponding c r i t i ca l free energy Csg i s given 
by. 
Ag* = - i ^ f ^ (9) 
The rate of nucleation depends on the critical free energy 
as well as on the frequency with which atoms junp across the 
boundary dividing the new phase from the old one. Volmer 
and Weber studied the frequencies of such Juups in conden-
sed system and given the equation, 
' -s* Vo^ ( ' f/^ ) (10) 
S is the number of atoms adjacent to the embryo surface 
1 ^  -1 
when this is of critical size, \) = 10 "^  sec is the vibra-
' " o 
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t i ona l frequency of the atoms, AG a i s the ac t iva t ion free 
energy of a s ing le a tonic Juinp to the new phase and K i s the 
Boltzmann's constant . 
Heterogeneous Nucleation 
iVhen nucleat ion i s occurring a t ce r ta in preferred 
s i t e s the process i s called heterogeneous nucleat ion, r 'ore-
ign inc lus ions , grain boundaries, in te r faces , stacking f a u l t s 
and d i s loca t ions can provide s i t e s for preferred nucleat ion. 
The formation of nuclei i s influenced by the r e l a t i v e i n t e r -
f a c i a l tensions between the nucleus and the inqperf ect ions 
(jZ^ and between the parent phase and in^ierfection (jir* 
^ ° i • <r„i - CJ51 t^^> 
where A G i is the change in free energy due to formation 
of unit area of interface between the nucleus and the inper-
fection. From the equation (11) it is clear that free ener-
gy decreases when (y* x Cyni-
Rate of nucleation, N, in a heterogeneous system is 
proportional to, 
N ^^e^P ( " ^^/ ^ ) (12) 
where A F ^ i s the f ree energy of formation for the c r i t i -
cal s ize nucleus and i s inversely dependent ipon the square 
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of the free energy difference between the solid phases, 
/^fg . For spherical nucleus, 
(AFs)2 
where y is the strain energy per unit interfacial area 
between phases and V„ is the molecular volume of the nucle-
ating phase, A Fg can be expressed in terms of the reaction 
pressure, P, and the pressure Pe for the univarient equili-
brium at the reaction temperature, 
A F ^ = - RT In P/pe (14) 
By substituting equations(13) and (14) into equation (12) 
the relation between the nucleation rate and the reaction 
pressure becomes, 
-2 log N = C^ (-RT m P/pg ) - ^ + Cp (15) 
where C^  and C^ are constants. 
Grain boundaries and dislocations provide inportant 
sites for heterogeneous nucleation in solid state transfor-
mation. The theory of nucleation at various kinds of grain 
boundary sites has been given by Gibbs . Cahn has 
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given theory explaining the formation of nucleus at dislo-
cation sites and calculations of rate of heterogeneous 
nucleation have been performed successfully for various 
types of transformations * . 
Kinetic Models 
Models based on the following rate controlling 
mechanism of solid state reactions between contact powders 
are discussed: 
(a) Diffusion of reactant through a continuous product 
layer, 
(b) Nuclei growth, and 
(c) Phase boundary reactions, 
I. Diffusion Models 
Solid state reactions may be thought of as the break-
ing and reforming of chemical bonds in the solid, that is, 
a chemical and geometrical reshuffling of the solid phases 
taking place. A chemical reaction results from atomic and 
molecular collisions which occur according to definite sta-
tistical laws. Therefore, if the reactants are mixed on an 
atomic level, the reacting system could be described mathe-
matically with equations envolving time and concentration 
only and would be independent of space coordinates. However, 
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in reactions involving solids, the reactants are not Hiixed 
on an atomic level and must, therefore, diffuse or penetrate 
into each other if the reaction is to start and propagate 
within the solid phase, and thus, space coordinates become 
a controlling element. 
It is now obvious that there are two fundamental 
processes involved in a solid state reaction: 
(1) The chemical reaction itself, that is, the breaking 
and reforming of bonds, and 
(2) The transport of matter to the reaction zone. 
In general, both the transport process and the phase 
boundary process involve a series of individual steps. In 
such a sequence, each individual step will have a specific 
rate constant associated with it, A "vertual maximum rate" 
may then be defined as the rate that would be found if equi-
librium were established for all previous steps. Under these 
conditions, the reaction with the lowest "virtual maximum 
rate" controls the overall rate of the reaction. Thus for 
a solid state reaction, the rate is controlled either by the 
combination at the interface or by the transport of reactants 
to the reaction zone. 
When material transport is the rate determining step, 
there is another term to be added to the time and spatial co-
ordinates to mathematically describe a solid state reaction. 
43 
This new term is the diffusion coefficient of the migrating 
species. Considering the reaction between two solid mate-
rials with planer surfaces. As the reaction proceeds, the 
reactants have to diffuse across the product layer in order 
for the reaction to sustain itself. Assuming a uni-
directional process, the rate of growth of the product layer 
is given as. 
dy ^ Dk 
dt " y 
where y is the thickness of product layer, (t) is the reac-
tion time, (D) the diffusion coefficient of the migrating 
species and (k) is a proportionality constant. If the 
diffusion coefficient is independent of time and the area 
of contact remains constant, integration yields, 
y^ » 2kDt + C 
choosing the boundary condition, y » 0 when t • 0, gives 
y^ = 2kDt » kpt (16) 
Equation (16) is the well known parabolic rate law, where 
(kp) is the parabolic rate constant. 
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Most ceramic processes are carried out by intimately 
164 
mixing Tine powders. In 1927, Jander applied the para-
bolic rate law, developed for planer interface reactions 
to powdered contacts, Jander's model is based on -following 
assunptions; 
(1) The reaction under consideration can be classified as 
an Additive Reaction, 
(2) Nucleation followed by surface diffusion, occurs at a 
temperature below that needed for bulk diffusion so that 
a coherent product layer is present when bulk diffusion 
does occur, 
(3) The chemical reaction at the phase boundary is consider-
ably faster than the transport process and thus, the 
solid state reaction is bulk diffusion controlled, 
(4) The surface of the component on which reaction takes 
place is conpletely and continuously covered with par-
ticles of the other component as though the former par-
ticles were immersed in a melt of the latter. This 
assumption is approximately true when the ratio of 
( TA/ T B ) is very large and the amount of the component 
(B) is greatly in excess conpared with that of compo-
nent A''^, 
(5) Bulk diffusion is uni-directional, 
(6) The product phase is not miscible with any of the reac-
tant phase. 
(7) The reacting particles are all spheres of uniform radii. 
(8) The ratio of the volume of the product layer to the 
volume of material reacted is unity. 
(9) The increase in thickness of product layer follows the 
parabolic rate law. 
(10) The diffusion coefficient of the species being transpor-
ted is not a function of time, 
(11) The activity of the reactants remain constant on both 
sides of the reaction interface. 
Jander developed his well known expression that goes 
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V3 
Equation (17) relates the fraction of reaction, X, coniplet-
ed in time t, with the rate constant, kj. 
166-170 
The Jander equation has been applied to many systems, 
but practical evidence does not satisfy it well, indicating 
that a more complicated situation actually exists. In 
Jander's equation two basic points seems to be neglected, 
(1) Parabolic growth is unexpected for a problem with a 
spherical symmetry. 
(2) The difference in the molar volume between reactants 
and the products has not been taken into account in 
the Jander*s equation. Finally, the assun^tion that A 
particles are conpletely enveloped by the B particles 
is true for very large values of TA/V B, where T A 
and TB are the radii of the original spherical parti-
cles of A and B, 
171 172 Kroger and Ziegler * , indicated that Jander*s 
assun5)tion of a constant diffusion coefficient was not 
applicable to all solid systems, particularly during the 
early stage of a reaction. They used most of the Jander*s 
geometry (Jander*s assumption 1-8) and assumed that the 
diffusion coefficient of the transported species was in-
versely proportional to time. This is equivalent to assum-
ing that rate of change of product layer thickness is in-
17^ 
versely proportional to time which is known as the Tammann •'^  
theory. 
- ^ 6 -
_d^^ k_ 
dt ' yt 
separation of variables, integration, and choosing the 
boundary conditions y = 0 when t = one unit of time 
yields, 
y^ = 2 k In t (18' 
combining the above equation (18) with that of Jander's 
equation and rearranging yields, 
:^_^lnt^^^-/:^.i^-A)'\7^ (19) 
To' 
Equation (19) i s the Kroger-Ziegler equation. 
174 Zhuravlev, Lasokhim, Tempel'man modified the 
Jander ' s equation by assuming tha t the a c t i v i t y of the r e -
ac t ing substance was proport ional to the f rac t ion of unreac-
ted material (1-X), 
175 Ginst l ing and Brownshtein arr ived a t a model using 
Jander ' s assumptions with the exception of parabol ic r a t e 
law. They indicated that parabolic rate law asserted that 
the reaction surface remained constant, however when they 
- 47 -
considered spherical p a r t i c l e s , t h i s surface ac tua l ly dec-
reased in the area as the reac t ion proceeded. They d i s -
carded the parabol ic r a t e law in favour of an equation r e l a t -
ing the growth of the product layer to Bar re r ' s equation 
fo r steady s t a t e heat t r ans fe r through a spherical s h e l l . 
They arr ived at the following f i na l form, 
k t = ^ ^ ^ = 1-2/3 X- (1-X)^/^ (21) 
177 Carter improved the Ginstling-Brounshtein model by accoxon-
t i n g for differences in the volume of the product layer with 
respect to tha t of the volume consumed. Carter also used 
Bar re r ' s equation to represent the r a t e of product formation 
and entered a (Z) term to account for the change in volume, 
(Z) represents the volume of the react ion product formed per 
u n i t volume of reac tan ts consumed. He obtained the equation 
k 2ktD ^ Z - ( Z - 1 ) ( 1 - X ) ^ / ^ - ^ 1 UZ-1)X_7^/^ ^22) 
^ ' ^ ro Z-1 
178 Valensi ' e a r l i e r developed, mathematically, the same sol id 
s t a t e reac t ion model from a d i f fe ren t s t a r t i n g po in t . Thus 
equation i s referred to as the va l ens i - ca r t e r equation. 
However, the Valensi-Carter equation i s often d i f f i c u l t to 
apply due to lack of high temperature densi ty data for compu-
17Q t i n g the (Z) yalue. Geiss ^ has shown tha t Carter-Valensi 
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equation becomes significant only when the ratio ox volume 
of product formed to volume of reactant consumed exceeds a 
value of two. 
180 Dunwald-«^agner de r ived an equa t ion f o r s o l i d s t a t e 
r e a c t i o n a n a l y s i s based on s o l u t i o n t o r i c k ' s second law fo r 
181 d i f f u s i o n i n t o o r out of sphe re . Se r in and E l l i c k s o n 
expressed t h e Dunwald-Wagner equa t ion in terms of t h e f r a c -
t i o n a l complet ion of t h e p r o c e s s 
'<D-Wt = - ^ - i n - T ^ (23) 
ro (1-X) 
Although a l l models d i scussed so fa r a r e l i m i t e d 
by t h e f a c t t h a t they a r e based on t h e r e a c t i o n of s p h e r i c a l 
p a r t i c l e s of uniform r a d i u s , they have been shown t o r e p r e s e n t 
many a c t u a l s o l i d s t a t e r e a c t i o n s . There have been a t tempt 
t o i n t r o d u c e p a r t i c l e s i z e g r a d a t i o n i n t o a workable model, 
however t h e s e have r e s u l t e d in models t h a t involve complica-
t e d mathematics and con ta in pa rame te r s t h a t a r e d i f f i c u l t to 
measure. Models i n c l u d i n g p a r t i c l e s i z e g r a d a t i o n have been 
182 ^^•^ 
advanced by Miyagi (based on J a n d e r ' s a s sumpt ions ) , Sasaki 
(based on C a r t e r ' s assun^j t ions) , and Gal lagher (based on 
Dunwald-iVagner's a s sumpt ions ) . 
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I I , Nuclei Growth ^iOdels 
The sol id s t a t e reac t ion models for powdered compacts 
so far discussed have been based on the assumption t h a t , 
i n i t i a l l y siirface diffusion rapidly coats the surface of the 
r eac t ing p a r t i c l e with a continuous product l aye r . The sub-
sequent r a t e of reac t ion i s taken to be the r a t e of d i f fu-
s iona l growth of the product blanket . There i s , however, 
another way of looking at the i n i t i a l product formation and 
subsequent growth. This approach considers the nucleat ion of 
products at ac t ive s i t e s and the r a t e at which the nucleated 
185 p a r t i c l e s grow. According to Welch ^, such mechanism i s 
poss ib le whenever the product phase i s p a r t i a l l y ojiscible in 
one of the r e a c t a n t s . 
Many mathematical models have been advanced r e l a t i n g 
nucleat ion and nuclei growth r a t e s to the k ine t i c s of phase 
transformation and decomposition (Avrami °"~'°°^ Erofe'ev ^, 
Jacobs-Thonpkins''^^, Fine''^'' and Chr is t ian ' ' ^^ ' ' ' ^^) . The gene-
r a l form of the expression for conversion time r e l a t i onsh ip , 
m d - X ) - - ( k t ) " (24) 
The parameter, m accounts for the reaction mechanism, number 
of nuclei present, conposition of parent and product phases, 
and geometry of the nuclei. If a reaction is represented by 
this model, a plot of In(In rr—^ x ) versus In t, should give 
- 50 -
a s t r a igh t l i n e with slope m and in tercept m In k . 
Applications of nucle i growth model to so l id - so l id 
194 
reac t ions are r a r e . Hulbert and Klawitter applied i t 
to the reac t ion between ZnO and BaCO .^ 
I I I . Phase Boundary Models 
VHien diffusion through product layer i s so rapid 
t h a t the r eac tan t s can not combine f a s t enough at the r eac -
t i o n in ter face tp es tab l i sh equilibrium, the sol id s t a t e 
reac t ion i s said to be phase boundary control led . Accord-
195 ing to Laidler , when a discontinuous product phase occurs, 
the r a t e determining step may be the cdiemical process occurr-
ing at the phase boundary. Under these circumstances, the 
r a t e i s determined by the ava i lab le in ter face area, and such 
process are referred to as topochemical. 
Models have been developed for d i f ferent geometries 
and corresponding boundary condit ions. Thus, for sphere 
reac t ing from the surface inwards the f rac t iona l reac t ion 
completed, X, and time, t , are re la ted by, 
kt = 1-(1-X) -" (25) 
which i s iden t i ca l with the expression for gas-sol id reac-
t i o n s . For a c i r cu la r disk reac t ing from the edge inwards, 
or for a cyl inder , the r e l a t i o n i s , 
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kt » 1-(1-X) V2 (26) 
and for a contracting cube, 
X » 8k^t^ - 12k^t^ + 6kt (27) 
Several empirical rate laws have been proposed to describe 
the course of different solid state diffusion controlled 
reactions. 
( i ) 
( i i ) 
( i i i ) 
( iv ) 
(v) 
(v i ) 
Y"^  = kt 
Y^  = kt 
Y^  + Yb = k t 
Y = kt 
Y = k l o g t 
Y^  = 2kt exp/"- Py_7 
Generalized equations Y = kt and Y = kt have been used 
196 197 by Rastogi and Beg , respectively. In these equations 
Y is the thickness of product layer, t is the time and k,b,n 
and P are constants. 
Factors affecting Reactivity in Solid State 
The react ivi ty in solid s ta te i s affected by following 
factors: 
(1) Part icle size and contact area, and (2) Strain. 
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(1) Particle Size and Contact area 
Distribution of particle size has a significant 
effect on the course of a solid state reaction. The smaller 
particles in the ensemble will be consumed in a short period 
of time, while the bigger particles are still reacting. 
Hence, the reaction rate per unit volume, which is based on 
the radius of an individual particle, will be affected. 
Smaller particles, can go into the interstitial space formed 
by bigger particles, will have greater contact area, hence 
more inhanced will be the reaction. A report by Kontierth, 
198 CJordon and Cutler could be sighted in the literature which 
threw light on the role of particle size of reactants on the 
rate of reaction. In this experiment they took two different 
particle sizes of quartz and brought them in contact with two 
different particle sizes of calcium carbonate. Each time a 
different contact area was available. They observed that 
greater the contact area, more inhanced was the reaction. 
199 Borgwardt and co-workers ^^ observed the effect of particle 
size in the solid state reactions involving porous solids, 
Kutty and Murthy studied the kinetics of a solid state 
reaction between urea nitrate and tricalcium phosphate and 
observed that the reaction obeys a first order equation, when 
both reactants were fine and parabolic rate law, when the re-
actants were course. In the solid state reaction between 
ferric oxide and lithium carbonate the rate of the reaction 
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will be affected by the surface area of the ferric oxide 
201 powder as reported by Johnson and Gallogher , Effect of 
particle size on the formation mechanism of ferrite powders 
202 in fused salts was explained by Kimura et al. Particle 
203 
size also affect the solid-solid phase t ransi t ion. Sambles 
studied the effect of par t i c le size on the f i r s t order solid-
solid phase t ransi t ion and observed that smaller the p a r t i -204 cles, the bigger the change, CJodison and White studied 
the effect of percentage of fine and course par t ic les on 
sintering behaviour of solids, and suggested that owing to 
different r ad i i , the geometries of the neck formed and conse-
quently their growth kinetics will be different. 
(2) Strain 
Strain plays a significant part in the kinetics of 
solid state reactions. Its role has been more or less com-
pletely ignored. The simple experiment of etching, for 
example, when a few drops of hydrochloric acid sprinkled 
over surface of single crystal of sodium chloride, regions 
having dislocations develop humps, suggest that defect rich 
areas are prone to chemical reactions. 
Strain is a measure of the time independent dis-
placement of the atoms from their mean positions to some other 
nearby positions. Lattice strain may arise from external 
- 5^ -
pressure, from imperfections or from the existance of 
impurity atoms of such nature as to disturb the regularty 
of the lattice. Number of reviews * have appeared 
recently explaining the effect of strains during solid state 
207 
reactions. Ktorrison and Nakayama studied the effect of 
strain on the rate of solid state reaction between chlorine 
and potassium bromide. 
Experimental Techniques 
The following techniques have been used for the study 
of the solid state reactions. 
1. Chemical analys is 
Chemical methods are most convenient and quick. 
Hence whenever possible such methods are used. The parti-
cular method of analysis to be used depends on the system 
under study, but usually a simple titration is good enough 
for the purpose. 
2. X-ray diffraction study 
In the last few years, extensive use has been made 
of X-ray methods for structural analysis for studying re-
actions in solids. The reaction product can be analysed 
by calculating the 'd' values and the intensities of the 
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l i n e s and comparing them with the standard values of 
expected conpounds. However, there are ce r t a in disadvan-
tages of the X-ray technique a l so . With the help of t h i s 
technique i t i s d i f f i c u l t to de tec t poorly c r y s t a l l i n e in -
termediates . Moreover, small amounts of the products are 
d i f f i c u l t to detect.Composition determination by X-ray tech-
nique takes a long time. 
3. Pressure/Volume measurements 
When gaseous product are formed in the reaction, the 
kinetics can be followed by measuring volume or pressure 
change as a function of time. 
4. Visual technique 
When a coloured product is formed the thickness of 
product layer can be measured at various time intervals by 
208 this technique . 
When the colourless product is formed, radioactive 
tracers can be used to asses the movement of the reaction 
209,210 
zone * 
5. Thermal analysis 
Solid state reactions are usually exothermic, hence 
differential thermal analysis (DTA) is a possible method. 
- 56 -
i'''or reactions involving weight changes, thermogravi-
metric analysis (TGA) offers a useful tool, particularly for 
addition by elimination type of reactions where one of the 
products is gas. The solid state reactions of alkali metal 
211 212 
carbonates with ASnOc- and WO^ have been studied • 2 5 i 
recently by thermal analysis, 
6. Reflectance Spectroscopy 
213 214 I t is part icular ly suitable for kinet ic studies ^' , 
provided the reaction products are not completely white or 
completely black. This technique can not only be used for 
detecting the reaction products, but changes in reflectance 
in the course of reaction can also be related to the kinetics, 
7. Electrical Conductivity 
215 Bradley and Green employed this technique for the 
study of the reaction between iodides of silver, potassiuii: 
and rubidium, since the product formed (K,Rb) Ag^I^ is more 
conducting than the reactants. It is good technique for 
information provided the conductivities of products are di-
fferent from the reactants, 
8. Magnetic susceptibil i ty 
This technique can be used for solid state reactivity 
21 fi provided the magnetic susceplibil i ty of the product is 
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different from those of the reactants. Formation of spinels 
NiFcpO, has been studied by this technique. 
9. Electron microprobe analysis (EPM) 
The EPMA technique is very prec i se and probably the 
most useful in so l id - so l id reac t ion s tud i e s . So far small 
concentration were d i f f i c u l t to analyse, a l so , concentra-
t i on changes over a very small length were impossible to 
determine. Both these problems have been overcome by t h i s 
method. 
Apart from the methods described above, a var ie ty 
of other methods can be used, depending on the p a r t i c u l a r 
system under inves t iga t ion . These includes IR, NFiR, Mass 
spectrometric chemical analys is (ESCA), an X-ray e lect ron 
photo spectroscopy. 
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Chemistry of Silver molybdate and mercury(II) halides 
Simple molybdates and tungstates contain discrete 
2- 2-tetrahedral ions, MoO^ and WO^ in crystals. These tetra-
hedra are regtilar in alkali metal salts but distorted in 
salts of other cations. They have found extensive use in 
1 2 3 
industry because of their optical , magnetic , electrical 
4 
and thermodynamic properties. 
Like tungstates, molybdate ions also have tetrahed-
ral geometry in aqueous as well as in solid state, Fionome-
ric ions (MoO. ) " exist only in alkaline solution as well 
in acidic solution complicated polymerization reaction 
occurs, 
5 
Silver molybdate was made by the simultaneous drop 
wise addition, with rigorous stirring of solutions of silver 
nitrate and sodium molybdate to a large volume of hot water. 
The product so prepared apparently amorphous, is white in 
colour with some times a very pale pink tint from photoche-
mical or thermal decomposition. It was washed repeatedly 
with water by decantation until no significant flame test 
for sodium was obtained from either the precipitate or the 
wash water. 
Crystalline silver molybdate was prepared by slow 
evaporation of an ammonical solution of the salt, yielded 
small bright yellow octahedral crystals. 
- 73 -
Silver molybdate was first examined by X-ray method 
7 
in 1922 by Wyckofr who found that crystals of the substance 
possess spinel structure, With the method available at that 
time i^ yckoff was unable to determine occurately the value of 
oxygen parameter. Donohue and Shand reinvestigated this 
crystal by using X-ray method for the determination of molyb-
denum -oxygen and silver - oxygen distance. The observed molyb-
denvim-oxygen distance is 0.17 A , shorter than the sum of the 
radii. This shortening is of the same magnitude as observed 
7 
in other tetrahedral XO^' , The Ag-0 distance is 2.42A°some-
what shorter than the ionic radius sum of 2.45A , 
Dimolybdates and polymolybdates of silver may also be 
formed during the precipitation. To prevent formation of 
polymolybdates, every precipitation in the present investiga-
tion was carried out with excess silver nitrate. 
In dimolybdate of silver, kg^^^o^? '•"^ ^^ ^^  '^^^ corres-
ponding dichromate which contained discrete ^ Cr^O^ J 'anions, 
— ? — 
no / Mo^Oj_J " anion existed. Instead the structure conpris-
ed infinite chains of linked molybdate tetrahedra and octa-
9 10 hedra * , Recently there has been an increased interest in 
the univalent-metal dimolybdates and tungstates, and struc-
tures so far reported appear to confirm non-existence of the 
^ Mo20„_7' " anion. 
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11 12 
Kohlmuller and Fauric and Faurie reported thf. 
existence of the phases AgpMp^y ^^'^ AgpM^O^^. This was 
13 
contrary to Gatehouse and Leverett findings where struc-
14 ture determination of AggKo^QO,, provided no evidence for 
the formation of the tri- and tetramolybdate (as in the 
15 
alkali metal system) was found 
Interestingly, although the spinel structure of 
6 14 AgpMoO, is well known * and, in general, a simple univalent 
metal molybdate and its analogous tungstate will be isostruc-
tural, this does not appear to be the case for Ag^WO-. First-
ly, the i.r. spectrum shows no strong absorption correspond-
ing to tetrahedral coordination of tungsten (as observed in 
16 
all other simple tungstates) , and secondly the unit cell, 
in spite of having a volume very similar to that of AgpMoOyr 
is orthorhombic. 
5 
Ricci and Linke have determined the solubility of 
AgpMoOi over a range of ten^jeratures. The value at 25 C, 
3.9 mg per 100 g solution agrees fairly well with that of 
17 McCay , who reported a solubility of 4.4 mg per 100 ml of 
water. The solubility product at 18 C was calculated by 
Br it ton and German''® as 3.1 x 10"^ ''. 
19 Muldrow and Hepter c a l c u l a t e d t h e h e a t of s o l u t i o n 
and h e a t of format ion of Ag2MoO^(c) to be +12.6 KCal/mol 
and -200.4 + 0.2 KCal/mol r e s p e c t i v e l y . They a l so c a l c u l a t e d 
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f r e e energy of s o l u t i o n and s o l u b i l i t y p roduc t a t 25 C 
t o be +15.6 KCal/mol and 2 .8x10 '^^ r e s p e c t i v e l y . These 
v a l u e of f r e e energy o£ s o l u t i o n f o r AgpNoC, agrees we l l 
20 
wi th t h e v a l u e r e p o r t e d by Pan f o r f r e e energy of s o l u -
t i o n of AgpMoO, . The v a l u e of entropy of s o l u t i o n of 
AgpWoO, was found t o be -9.A c a l . / d e g . mol. 
H^oO. i s formed as r e a c t i o n p roduc t i n AgpMoO. 
and mercu ry ( I I ) h a l i d e s r e a c t i o n s . H^oO^ and HgWO^  have 
21 22 
been r e p o r t e d by Swindel ls and Saxena and Gupta who 
prepared t h e s e subs tances by p r e c i p i t a t i o n from aqueous 
s o l u t i o n s of mercury( I I ) n i t r a t e and sodium molybdate. 
25 S l e i g h t e t a l . ob ta ined l a r g e c r y s t a l s of t h e s e subs tances 
by r e a c t i o n of HgClp wi th Na2Mo0^.2H20 or Na2W0^.2H20, r e s -
p e c t i v e l y a t 700°C in c o l l a p s i b l e gold tubes under 3K bar 
p r e s s u r e . They have been c h a r a c t e r i s e as monocl inic space 
group wi th t h e l a t t i c e c o n s t a n t s given in T a b l e - I , 
T a b l e - I 
a(A°) b(A°) c(A°) P>( ° ) V(A°3) 
HgMoO^ C^/C 11.282 6.005 5.154 112.27 525.8 
HgWO^  C2/C 11.375 6.007 5.1^5 113.20 325.1 
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All the mercuric halides, except HgFp and Hglp have orthor-
hombic structure, HgFp has cubic structure while Hgl2 has 
tetrahedral structure. 
The crystal structure of the mercuric halides are 
examples of a morphotropic transition dependent i^ o^n the 
electronegativity of the halogen (4.0, 3.0, 2.8 and 2.5 for 
F, CI, Br and I respectively). While mercury has aistorted 
octahedral in HgClp, the structure is essentially molecu-
lar " , having discrete linear Cl-Hg-Cl molecules. These 
21 
are arranged in sheets stacked above one another 
Mercuric bromide has a related structure of HgClp 
in which linear Br-Hg-Br units may be uistinguished. These 
2ft 2Q 
are arranged in a deformed brucite structure ' , with 
six Hg-Br distance being less than R(Hg) -R(Br), The mer-
cury atoms have two close and two distorted version of the 
mixed hexagonal cubic close packing arrangement, not regu-
larly octahedrally coordinated. 
Crystalline mercuric iodide has three forms, the 
red or oC -form stable at room temperature, has an infinite 
layer structure in which iodine atoms are in distorted cubic 
close packing and mercury atoms occupy one fourth of the tet-
rahedral holes '-^  . Mercuric iodide undergoes transition 
at 127°C to (3-Form. p-form is yellow in colour and stable 
0 ^2 
at 129 C with a structure like that of HgBrp. Recent work 
-11 -
has confirmed t h e e x i s t e n c e of ano ther orange form, which 
has almost s i m i l a r s t r u c t u r e as t h a t of oC-form Hglp. 
VL^2 ^^^ ^'^ i o n i c s t r u c t u r e with each mercury atom 
having e i g h t , n e a r e s t neighbour f l u o r i d e s . In t h e vapour 
p h a s e , mercur ic h a l i d e s , except HgFp c o n s i s t of l i n e a r mole-
c u l e s . Bond l e n g t h s as ob ta ined by e l e c t r o n - d i f f r a c t i o n 
have been given in T a b l e - I I . 
T a b l e - I I 
Hg-X bond l e n g t h ( i n A ) i n t h e vapour phase by e l e c t r o n 
d i f f r a c t i o n spec t roscopy . 
Hg-Cl Mercuric c h l o r i d e 2.20^^ ; 2 .34^^ ; 2 .27^^ 
Hg-Br Mercuric bromide 2 . 4 o ' ^ ; 2 .34^ 
Hg-I Mercuric i o d i d e 2 .55^^ ; 2 .60^^ 
Some of t h e p h y s i c a l p r o p e r t i e s of mercur ic h a l i d e s a r e given 
i n T a b l e - I l l . 
T a b l e - I l l 
Phys i ca l p r o p e r t i e s of mercur ic h a l i d e s 
P r o p e r t i e s HgCl2 HgBr2 Hgl2 
Mel t ing p o i n t (°C) 277.00 241.00 257.00 
A H fus ion (KCal/mol) 9.64 4.28 - ATC43 
A S fus ion (Cal /deg/mol) 7 .50 747Q' ^ 6.6o'l^'>>^ 
•J / 
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Table-Ill contd. 
P r o p e r t i e s 
B o i l i n g p o i n t (°C) 
AH vap (KCal/mol) 
A S vap (Cal /deg/mol) 
AH subl (KCal/mol) 
A 3 subl (Cal/deg/niol) 
T r a n s i t i o n temperatxire 
Dens i ty( l iq) (gm/c in ) 
(C, Pyk) 
(C,X-ray) 
R e s i s t i v i t y ( o h m cmxIO" 
Colour 
Molecular s t r u c t u r e 
C r y s t a l s t r u c t u r e 
(^c: 
') 
HgCl2 
304.00 
14.08 
24 .40 
18.50 
33.60 
1 
4.44/280°C 
5.44 
-
1.22/294°C 
vVhite 
Linear 
Or thor -
hombic 
HgBr2 
319.00 
14.15 
23.80 
18.80 
36.60 
-
5.12/241*^ 
6.05 
-
6.90/243^ 
White 
Linear 
Gr tho r -
hombic 
Hgl2 
354.00 
14.14 
22 .70 
19.90 
37.50 
127.00 
'C 5.24/255°C 
6.30 
6.38 
*C 0.12/260°C 
Red {c< ) 
yellow {^ ) 
orange 
Linear 
(1)«<:-red 
t e t r a -
gonal 
(2) P>-yellow 
or thorhom-
b i c 
In free molecules or complex ions characteristic 
coordination number of two, three and four for covalent bond-
ing and eight for ionic bonding are known. Although Carlin 
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36 
et a l . claimed to have prepared mercury complexes but 
these have not been backed by complete s t ruc tu re determina-
t i o n s , A se r i e s of halomercury a r sen i t e s have been repor-
37 38 
ted by Puff et a l . Masalov has proposed a general f o r -
mula for the ca lcu la t ion of thermodynamic p roper t i e s of 
complexes of mercury(II) , Heat of formation of mixed hal ide 
conplexes and complex ions are l i s t e d in Table-IV. 
Table-IV 
A. Heat of formation of complex ions of mercury(II) at 25 C 
in KCal/rool. 
Complex ion 
/_-HgCl2Br7 ' 
/_"HgClBr2_7" 
^~HgCl^Br_7^" 
Cv^gZl^lJ^' 
^ H g B r ^ i y ^ -
r H g C l B r ^ y ^ -
/_7HgCl2Br27^" 
AHf° 
83.0 
75.6 
122.2 
111.6 
87.4 
106.2 
114.3 
Complex ion 
^-HgCl2l27^" 
^"Hgl^ClJ 2 -
^ -Hgl^BrJ^-
^"HgCl2BrI_7^" 
^'HgBr2ClI_72" 
^Hgl2ClBr_7^' 
AHf^ 
92.8 
76.0 
66.0 
103.6 
95.5 
84.8 
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B, Heat of rormatiqn of mixed hal ide complexes of potassium 
and mercixry at 25 C in KCal/mol. 
Mixed hal ide complex 
K£"HgCl2Br_7 
K^'HgCl2l_7 
K^"HgBr2Cl_7 
K/ 'HgBr^iy 
K^Hgl2Cl7 
K/fHgl2Br_7 
K^~HgClBrI_7 
K2/r HgCljBr_7 
K^ftigCl^lJ 
K^rugBr^ClJ 
^Hr° 
151.1 
142.0 
142.5 
124.6 
124.1 
115.5 
133.3 
256.2 
245.6 
237.8 
hixed hal ide complex 
K2rHgBr^ l7 
K2/"Hgl3Cl7 
K2/"HgI^Br7 
K2/rHgCl2Br2_7 
K2r"6Cl2l2_7 
K2/"HgBr2l27 
K2/"HgCl2BrI_7 
K2/"HgBr2Cll7 
K2/'Kgl2ClBr_7 
/xHr° 
217.8 
205.8 
196.6 
247.0 
225.8 
207.5 
236.4 
227.1 
216.4 
Evidence for the existence of mixed hal ides of mercury(II) 
39-42 
in the l iquid s t a t e ( in MeOH) were obtained by Raman Spectra 
43 
and in molten s t a t e by Zangen . In the gaseous phase 
44 Muller obtained the d i s c r e t e absorption band s t ruc tu re , 
45 46 Rastogi and Dubey • have reported the formation of several 
mixed hal ides of mercury in sol id s t a t e . La t t i ce parameters 
of these mixed hal ides are given in Table-V. 
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Table-V 
L a t t i c e pa rame te r s of mercury mixed h a l i d e s . 
Cotr^jounds 
HgBrI 
HgFBr 
Hgfl 
HgClBr 
Crys t a l type 
Orthorhoffibic 
Orthorhombic 
Ortherhombic 
Orthorhombic 
a(A°) 
7.26 
16.56 
13.03 
11.24 
b(A^) 
14.60 
6.56 
6.28 
7.45 
c(A°) 
4 .80 
8.08 
5.49 
13.42 
Z 
4 
12 
6 
12 
They had prepared t he se compounds by t h e i n t e r a c t i o n of 
^7 halogen vapours on s o l i d mercxorous h a l i d e s . Mehdi e t a l . 
p repared oC-HgClBr by t h e a c t i o n of bromine vapour on s o l i d 
HgpClp and p)-HgClBr by the i n t e r a c t i o n of s o l i d HgBr- wi th 
s o l i d HgClp. The c e l l pa ramete r s of t h e two a r e a s f o l l ows : 
oC-HgClBr 
l^-HgClBr 
a(A°) 
6.196 
6.780 
b(A°) 
13.120 
13.175 
c(A°) 
4.37 
4.17 
P(gm/Cm^) 
5.91 
5.40 
S e v e r a l i n v e s t i g a t i o n of mercury ( I I ) h a l i d e s complexes in 
aqueous s o l u t i o n , apply ing d i f f e r e n t methods have been r e -
48 49 
p o r t e d in t h e l i t e r a t u r e • . S.M.F. measurements on d i l u t e 
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solut ions have shown tha t HgX , HgX^ and HgX/~ complexes 
are formed. Spectroscopic s tudies show tha t the complex 
2 - 50 51 
ion HgX, in solut ion i s a regular tetrahedron ' . X-ray 
s ca t t e r i ng data have shown tha t Hgl,~is approximately pyra-
midal and Hgli t e t r ahedra l . For concentrated mercury(II) 
chloride solut ion containing a la rge r a t i o of chloride ion, 
2 -
the data are consistent with a dominant HgCl, complex with 
Hg-Cl = 2,h7PP'^ , Linhart showed by measuring the d i s t r i -
bution of HgClp between water and benzene phase tha t the 
2 -species H^Cl. , H^Cl^ and HgCl^ ^ are formed. The only s t r u c -
2 -t u r e with d i s c r e t e HgCl/ groups appeared to be der iva t ive 
of the alkaloid pero l ine of composition C2yH,„N20;,.0.5 HgCl^. 
55 HpO , Two new conplexes AgHgCl^I and AgHgClIp have been 
obtained and the i r s t ruc tu res have been studied by Beg et a l . 
A c l a s s i f i ca t ion of the other known chloromercurate s t r uc tu -
57 r e s has been given by Damm and Weiss 
Bromocoraplex are not well documented. Besides a 
r a the r dubious assignment of the provksi te to C H Br.,, the 
only known s t ruc ture i s tha t of NMe.HgBr^, which consis ts 
+ — 5ft 
of MAQI^ and pyramidal HgBr^ ions loosely linked into chains 
Mercury thus has a d i s to r t ed four coordination. 
In iodocomplexes, the large iodine atoms seem to 
form only three and four coordinate complex with mercury(11). 
The sulphonium compounds (Me^S) HglT and (Me^S)2HgI^ are 
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59 
apparantly ionic . Both Cul and Agl form remarkable 
conplexes with Hg(II) iodide, which exist in high and low 
tenperature form ioC~ and p>-). The crystal structure of 
the yellow, tetragonal AgpHgl, has cube close packed iodine 
atoms, with some of the tetrahedral holes filled by Ag and 
Hg "*" atoms in a regular manner. Its red modification has 
cubic structure of zinc blende . The isomorphous CUpHgl, 
shows analogous thermochromic properties. 
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CHAPTER - III 
PREPARATION OF MATERIALS 
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Preparat ion of Sliver monomolybdate 
1 Silver monomolybdate was prepared in dark by the 
simioltaneous dropwise addi t ion , with r igorous s t i r r i n g , of 
0.5M aqueous Na^ MoOy solut ion (John Baker Inc . Colorado, 
U.S.A.) and 0.5M aqueous AgNO, solut ion (E. Merck) to a 
la rge volvune of hot water. Both solut ions were prepared 
in double d i s t i l l e d water. The white product, so obtained, 
was washed several times with d i s t i l l e d water by decantat ion 
u n t i l no s ign i f ican t flame t e s t for sodium was obtained from 
e i ther the p r e c i p i t a t e or the wash water. The s a l t was dried 
in oven maintained at 60 C for two days. To avoid the expo-
sure to l i g h t , which may cause photochemical reac t ion , s i l -
ver molybdate was kept in dark b o t t l e . I t s X-ray d i f f r ac to -
gram was recorded. The observed d values and corresponding 
i n t e n s i t i e s reported in Table I , compare well with the pub-
2 l i sed values for AgpMoO^ . 
Preparat ion of Si lver iodide 
3 Si lver iodide was prepared by mixing, in dark, hot 
aqueous solut ions of AgNO, (E. Merck) and KI (B.D.K., A.R.) 
prepared in double d i s t i l l e d water. The p r e c i p i t a t e was 
col lected and washed in dark with hot double d i s t i l l e d water 
and was dried in an a i r oven at 100 C for two days. Dried 
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Table - I 
X-ray d i f f rac t ion data for AgpMoO. , taken by Norelco 
Geiger counter diffractometer (pv 1010 ph i l i p s ) using CuK^c 
r ad i a t i on and Ni f i l t e r , applying 32 Kv a t 12 mA. 
d in A° I / Io 
5.288 
3.269 
2.815 
2.591 
2.336 
2.136 
1.893 
5 
30 
100 
30 
22 
7 
13 
d in A° 
1.788 
1.697 
1.468 
1.418 
1.399 
1.342 
1.24 
I/I< 
19 
30 
5 
12 
12 
3 
6 
p r e c i p i t a t e was powdered in a mortar and seived for 300 
mesh s ize p a r t i c l e s . The X-ray analys is showed i t to be of 
4 gamma-form , The observed d values and i n t e n s i t i e s are 
reported in Table II. 
Preparation of Silver chloride and Silver bromide 
Silver chloride was prepared in dark, by treating 
aqueous AgNO, (E. Merck) with HCl soluticn (B.D.H., A.R.). 
The precipitate was collected and first washed with dilute 
- go -
Table - I I 
X-ray d i f f r e a c t i o n d a t a for Agl, taken by Norelco Geiger 
counte r d i f f r a c t o m e t e r (F ^1010 F h i l i p s ) u s ing CuKoC rad ia -
t i o n and Ni f i l t e r , app ly ing 32 Kv a t 12 mA. 
d in A^ I / I o d in A° I / I o 
2.74 100 
2.28 50 
1.95 28 
1.600 5 
1.48 9 
1.302 
1.242 
1.150 
1.02 
0.88 
9 
6 
4 
4 
4 
HCl then with double distilled water. The precipitate was 
dried in an air oven at 150 C for two days. 
Silver bromide was prepared likewise. Piirity was 
checked by X-ray^» , 
Preparation of Silver iodo-mercurate (AgpHgl, ) 
Silver iodomercurate AgpHgl, was prepared by mixing 
equivalent amounts of solid Agl and Hglp (each above 300 
mesh size). The mixture was kept in a sealed tube and was 
placed in an air oven at 80°C for 5 days. On cooling to 
room temperature the red colour changed to yellow. The 
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X-ray analysis showed i t to be s ingle phase ^-AgpHgl, . 
AgpHgli i s red above 50,7°C and yellow below i t . All i t s 
Q 
d values are the same as reported in literature , but I/Io 
values are different. The reported I/Io values were obtain-
ed visually whereas ours were recorded by diffractometar. 
The observed d values and intensities are reported in Table-
Ill. 
Table-Ill 
X-ray d i f f rac t ion data for AgpHgl, , taken by Norelco Geiger 
counter diffractometer (PIV 1010 Ph i l ips ) using CuKoC r ad i a -
t i on with Ni f i l t e r , applying 32 Kv at 12 mA. 
d in A° 
3.65 
3.20 
2.8A 
2.52 
2.25 
2,12 
I / Io 
80 
25 
60 
30 
100 
40 
d in A° 
1.95 
1.89 
1.68 
1.55 
1.50 
1.45 
I /L 
15 
50 
25 
30 
20 
40 
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Preparat ion of Mercury bromoIodide (HfiBrl) 
9 HgBrl was prepared by oppenheim's method . 
Equimolar solut ions of HgBrp (E, Merck) and Hglp (E. l-'^erck) 
in acetone were mixed. On standing yellow shining c rys t a l s 
were obtained. These were f i l t e r e d off and washed with 
double d i s t i l l e d water. X-ray analysis showed i t to be s in -
gle phase HgBrl. 
HgBrl was also prepared by heat ing the equimolar 
mixture of HgBr2 and Hgl2 in sol id s t a t e ' ' ° a t 100°C. The 
mixture was kept in a i r oven for f ive days. Shining yellow 
c rys t a l s were obtained. X-ray analysis showed i t to be s i n -
gle phase orthorhomblc HgBrl. The X-ray p a t t e r n s of the two 
products were almost the same. The observed d values and 
corresponding i n t e n s i t i e s are reported in Table IV. 
Table - IV 
X-ray d i f f rac t ion data for HgBrl, taken by Norelco Geiger 
counter X-ray diffractometer (PW 1010 Ph i l ip s ) using CuKoC 
r a d i a t i o n with Ni f i l t e r , applying 32 Kv at 12 mA. 
d in A° I / Io din A° I / Io 
6.55 
3.86 
3.703 
3.329 
2.90 
2.794 
100 
11 
32 
37 
21 
11 
2.752 
2.526 
2.415 
2.32 
2.198 
2.100 
32 
5 
11 
16 
26 
15 
- 9^ ^ 
Preparat ion of Mercury chlorobromlde (HgClBr) 
Mercxary chlorobromlde was prepared by heating an 
equimolar mixture of HgCl2 ^^'^*^'t A.R,) and HgBr2 
(Albright and Wilson, London) in sol id s t a t e ^ a t 90°C 
for 4 days, A white c r y s t a l l i n e material was obtained. 
The product was analyzed by X-ray and observed d values 
and corresponding i n t e n s i t i e s are reported in Table V. 
Table - V 
* 
X-ray d i f f r ac t ion data for (J-HgClBr taken by Norelco 
Geiger counter X-ray di i f ractometer (PW 1010 Phi l ips ) 
us ing CuKoc rad ia t ion with Ni f i l t e r , applying 32 Kv at 
12 mA. 
d in A° I / Io d in A° I / Io 
4,435 
4.266 
4.111 
3.424 
3.107 
3.065 
2.776 
* HgClBr was prepared by heat ing equiiXiOlar mixture of 
HgBr2 & HgCl2 ^" sol id s t a t e a t 90°C. 
100 
20 
40 
30 
40 
90 
20 
2.752 
2,680 
2,472 
2,231 
2,174 
2,096 
2,038 
50 
20 
20 
10 
30 
20 
30 
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12 HgClBr was also prepared by the react ion of 
bromine vapour on solid mercurous chlor ide , HgpClp (B.D.H., 
A.R.), Reaction was monitered by weighing the glass bulb 
containing Hg2Cl2 at d i f fe ren t t ime. The white product 
was analyzed by X-ray d i f f rac t ion method. I t s d values 
and intensities are given in Table VI. 
Table - VI 
X-ray d i f f r ac t ion data for oc-HgClBr taken by Norelco 
Geiger counter X-ray diffractometer (P./ 1010 Ph i l ips ) using 
CuKoc rad ia t ion with Ni f i l t e r , applying 32 Kv at 12 mA. 
d in A° I / Io d inA° I / Io 
4.54 
4.14 
3.49 
2.77 
** It was prepared by the action of bromine vapour on 
solid Hg2Cl2. 
Preparation of Kercury molybdate (Hg^ ioO, } 
1 3 
Normal HgMoO/ was prepared ^ by mixing dilute solu-
tions of Hg(N0,)2 (B.D.H., A R ) ana Na2NoO^ (John Baker 
Inc. Colorado, U.S.A.). Cream colour precipitate was obtain, 
100 
30 
33 
66 
2.51 
2.13 
2.067 
1.98 
27 
40 
66 
33 
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ed. pH of the solut ion was maintained at 2.0 throughout 
the p r e c i p i t a t i o n . Product was dried in an a i r oven lo r 
two days, and analyzed by X-ray diTfractometer using CuK<< 
rad ia t ion with Ni f i l t e r . The observed d values and in -
t e n s i t i e s are reported in Table VII, 
Table - VII 
X-ray d i f f r ac t ion data for HgMoO ,^ taken by Norelco Geiger 
counter X-ray diffractometer (PW 1010 Ph i l ips ) using CuKo<^  
r ad ia t ion and Ni f i l t e r , applying 32 Kv a t 12 mA. 
d in A° I / Io d in A° I / I o 
5.181 28 
3.206 93 
3.015 100 
2.562 3^ 
1.951 29 
1.741 
1.601 
1.528 
17 
19 
14 
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CHAPTER - IV 
REACTION OF Ag2MoO^- Hgl^ 
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Easy formation of highly conducting iodomercurates 
1 2 
of silver and copper in the solid state reactions of 
silver(I) halides and copper (I) halides with mercury (II) 
halides, is regarded to be due to proneness of silver ions 
to occupy interstitial positions rather than form vacancy 
pairs. AgHgClpI and AgHgClIp are stable only in solid state 
and deconpose when put in water or alcohol, were formed in 
this laboratory from the solid state state reaction of silver 
iodide with mercury (II) halides.silver salts are important 
from the view point of their microwave conductivity . Silver 
molybdate has been found electrically conducting and of the 
same order as that of silver iodide. This has pronpted us 
to study the reaction of AgpMoO, and Hglp with a view (1) to 
establish the mechanism of the reaction, (2) to study the 
effect of temperature on reaction rate. The mechanism of re-
action has been explained by X-ray analysis, thermal and con-
ductivity measurements. Kinetics of the reaction has been 
studied by visual technique. Diffusion coefficient of mercu-
ric iodide has been determined experimentally. 
On mixing AgpMoO, and Hglp (powder above 300 mesh) 
the colour of mixture changed to orange from dark brov/n. 
This orange material on heating above 51°C turned red which 
again became orange on cooling below this tenperature. 
- 98 -
Rate measurements 
Kinetics of the reaction in solid state were studied 
by placing Hglp over AgpMoO, (powdered above 300 mesh) in a 
5 
pyrex glass tube of 0,5 cm internal diameter. An approxi-
mately 5 cm long tube of uniform bore was chosen and one end 
of the tube was sealed by fusion and known amount of AgpMoO. 
powder was introduced into the tube through its open end. 
The tube was vertically held and AgpMoO, powder was gently 
pressed with a glass rod of 0,5 cm diameter. The reaction 
tube containing AgpMoO- and a weighed amount of Hgl2 on a 
tissue paper were kept in an air oven controlled to + 0,5 C, 
After 15 minutes Hgl2 was placed over AgpMoO, surface in the 
reaction tube. Same glass rod was used to press the Kglp 
over AgpI'loO/. As a change in reaction kinetics of powdered 
solids is likely to occur due to pressure changes, the same 
quantity of reactants were always used. The progress o£ re-
action was followed by measuring the total thickness of pro-
duct layer form.ed at the interface by a travelling microscope 
having a caliberated scale in its eye piece. Each experiment 
was run in triplicate and the agreement between the corres-
ponding values of different sets is quite satisfactory. The 
average vulues were used for calculating the rate constants 
given in Table I. 
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Table - I 
Tenperature dependence of parameters of equation x = kt 
fo r AgpWoO. - Hglp react ion. 
Tenperature 
( + 0.5°C ) 
k 
(cm/hr) 
1.285 X 10"^ 
4.123 X 10"^ 
7.975 X 1 0 ' ^ 
2.078 X 10"^ 
3.025 X 10"^ 
4.512 X 10""^ 
n 
2.30 
2 .40 
2.50 
2 .70 
2.75 
2 .80 
80 
92 
105 
120 
128 
135 
Soon af ter the placement of Hglp over AgpHoO/ in the 
reac t ion tube, a yellow colour boundary formed at the i n t e r -
face and t h i s grew with time on AgpMoO/ s ide . After some 
time a red layer s ta r ted to develop between yellow layer and 
Hglp, and simultaneously a gap developed between red layer 
and Hglp (Fig. 1) , On cooling to room temperature, the red 
layer turned yellow (A^Hgl^ i s red above 50.7 C and yellow 
below i t ) . The k ine t i cs were l ikewise studied at d i f fe ren t 
t enpera tu res . When l a t e r a l diffusion experiments were run 
keeping air-gap betvi^een the reac tan ts at the s t a r t i t s e l f , 
Hgi2 Ag2Mo04 
air-gap red layer 
red above 50.76 
and yellow below 
50.7 C 
yellow layer 
( Agl4HgMo04) 
Fig.1. Diagramatic representation of the sequence of produ 
-cts formed in lateral dif fusion between Ag2Mo04 
and Hgl2 in solid state . 
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reac t ion proceeded likewise giving the s i c i l a r layers of 
product on Ag^ MoO, surface. 
Analysis of product layers 
A react ion tube having thick product layer v/as 
broken and product col lected separa te ly . X-ray d i f f r ac t ion 
ana lys i s of the yellow layer (red layer , AgpHgl^, also 
turned yellow at room temperature) revealed the yellow layer 
to be a mixture of Agl, HgJ^ loO, and AgpHgL . Chemical analy-
s i s of the yellow layer also give the same products . 
X-ray s tudies 
Powdered A^MoO, and Hgl^ (both above 300 mesh) were 
mixed in d i f fe ren t molar r a t i o s in an agate mortar. One 
p a r t of each mixture was heated at 100 C for 24 hr and then 
cooled to room tenpera ture . Mixtures were analyzed by 
Norelco Geiger counter X-ray diffractometer (PVi/ 1010 Ph i l ip s ) 
using CuK of r ad ia t ion with Ni f i l t e r applying 32 Kv at 12 DiA. 
The compounds were ident i f ied by ca lcu la t ing the i r 
d values and corresponding i n t e n s i t i e s and comparing them 
with the standard values of expected compounds. Comjiounds 
iden t i f ied in d i f ferent molar r a t i o mixtures of AgpHoO, and 
Hgl2 are given in Table I I . The X-ray d i f f rac t ion pa t t e rn 
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obtained for different molar mixtures of Ag2MoC^ and Hglp 
are given in Tables III to VII. 
Table - II 
Compounds i d e n t i f i e d in d i f f e r e n t molar r a t i o mixtures of 
Ag^MoO^ and Hgl2 
Molar r a t i o s of 
AgpMoO^ and Hgl^ 
in d i f f e r e n t 
mixtures 
Confounds i d e n t i f i e d in d i f f e r e n t 
mixtures _ 
Kept a t room 
tempera ture 
f o r 15 days 
Maintained a t lOO'^ C 
and then cooled to 
room tenipera ture 
1:1 AgI,Ag2HgI^, 
HgMoO^ 
AgpHoOy. and 
Agl, HgMoO^ 
1:2 
H^oO^ 
Ag2HgI^, Hg '^ioO^ 
1:3 
HgMoO^ and 
Hgl2 
Ag2Hgl4, HgMoO^ 
and Hgl2 
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Table - I I I 
X-ray d i f f r a c t i o n da t a fo r 1:1 molar mixture of AgphoO, 
and Hglp hea ted a t 100 C then cooled to room t e n p e r a t u r e . 
d in A° 
5.288'''*" 
3.240'*"'"''' 
3.051*"' 
2.731"" 
2 .578 ' ' ' ' 
I / l o 
28 
76 
100 
22 
28 
d in A° 
2.293'" 
Lgeo"""" 
1.764*-" 
1.620"''"'"' 
1.47* 
Vlo 
73 
59 
19 
23 
7 
+ Lines fo r Agl^ ; ++ Lines fo r Hg^;o0-® 
Table - IV 
X-ray d i f f r a c t i o n d a t a fo r 1:1 molar mixture of AgphoO, 
and AgpHgl/ heated a t 100 C then cooled t o room tenpera-
t u r e . 
d in A° I/jQ d in A° I/jQ 
^ i « — — • I „ , • ^ y I • I. I •••I • . • — • » • • I - I . I wi • • -
3.76* 
3.156*'-
3.076*^ 
2.561*"" 
2 .28* 
7 ^ 
+ Lines for Agl ; ++ Lines for Hgl';o0-
56 
82 
23 
36 
72 
1.96* 
1.93** 
1.608** 
1.540^'" 
1.240"*' 
26 
56 
26 
26 
25 
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Table ~ V 
X-ray d i f f r a c t i o n da t a for 1:1 molar mixture of Agpi'ioO, 
and Hglp kept a t room te i rpe ra tu re for 15 days . 
d in A° I / l o d in A° 1/^^ 
5.35* 26 2 .561" '" ' '* 25 
3.62 70 2 . 3 0 r 50 
3 . 2 5 * ' * * 70 1 . 9 5 1 " ' " " 25 
3.22"*"*" 80 1 . 9 1 ' ^0 
2.785** 100 1 . 7 5 ' " ' " 35 
7 8 
+ Lines fo r Agl ; ++ Lines fo r HgMoO/^  ; 
9 10 
* Lines f o r Ag^Hgl^-^ ; ** Lines for Ag2HoO^ 
, 
, 
 
, 
 
m  
561^^ 
01'" 
9 *' 
"*  
> 
++ 
** 
Table - VI 
X-ray d i f f r a c t i o n d a t a fo r 1:2 molar mixture of AgpKoO, 
O C H 
and Hglp hea ted a t 100 C then cooled t o room t empera tu r e , 
d in A° I / l o d in A° If ^^ 
3 .66* 
* ++ 3.211 '*^ 
2 .97** 
2.578** 
2 .238* 
Q q 
+ + Lines f o r Kgl^ IoO^ ; * Lines fo r AgpHgl^ 
00 
21 
32 
17 
00 
2.100 
1.981 
1.960*'' 
1.7A8** 
1.534** 
11 
11 
12 
9 
9 
d 
4. 
3, 
3 , 
3 . 
3, 
2, 
m A 
.12 
.66 
.59 
,240* 
.004' ' 
.772 
2.578 »'" 
2.22 
2 .187* 
1.97"' 
1.582"' 
16 
71 
33 
13 
13 
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Table - VII 
X-ray d i f f r a c t i o n d a t a for 1:3 molar mixture of Agpi'^ oO, 
and Hglp hea ted a t 100 C then cooled to room t e n p e r a t u r e . 
I / l o ^ ^" ^° V i o 
22 
100 
31 
26 
33 
22 
+ Lines fo r HgMoO, ; * Lines fo r AgpHgl, ; 
** Lines f o r H g l ^ ' ' ^ 
Thermal s t u d i e s 
.Veighed amounts of Ag2 '^O0/ and Kglp (both powdered 
above 300 mesh) were taken in a Dewar f l a s k , 20 cm long 
and 2 cm wide, kept in a wooden case packed with c o t t o n . 
The mixture was s t i r r e d thorougli ly and t h e r i s e in tem-
p e r a t u r e wi th t ime was noted by Beckman thermometer r e a d -
i n g L53to 0.01 for d i f f e r e n t molar mix tu re s . The r e s u l t s 
a r e given in F igu re 2 . 
o 
o 
o 
o 
•" 
c 
^ 
C 
o 
0 
» 
^ 
V 
, 
tn 
• 
v.^ 
C 
0 
•• 
CM 
I-= 9 
i 1 o 
j:^ c* H- ?> 
o o 
cs 
X 
d 
o 
a 
E 
•a 
c 
a 
o 
o 
cn 
< 
( 0 ) wn^DJaduja^ 
- 105 -
Conductivity measurements 
AgpMoO, and Hglp were thoroughly mixed with each 
other in an equimolar ratio and the mixture was immediately 
poured into a die and pressed into a disc of about 0.2 cm 
2 
thick and 0.31 cm surface area. The disc was then placed 
between platinum electrodes of same surface areaand change 
in conductivity with time was noted by conductivity bridge 
(Cambridge Instrument Co., England) at 50 c/s. Similarly 
conductivity variation for other molar ratio mixtures of 
AgpMoO, and Hglp were measured. Results are given in 
figure 3. Conductivities of compounds involved in the 
AgpMoO, and Hglp reaction were measured at 100 C and given 
in Table VIII. 
Table -VII I 
Conduc t iv i ty of compounds 
Ma te r i a l Conduct iv i ty (Ohm Cm) -1 
Ag2MoO^ 
Hgl2 
HgMoO^ 
Agl 
Ag2Hgl4 
8 .7 X 10 
0 . 6 X 10" 
4 . 5 X 10 
9 . 5 X 10 
4 . 3 X 10 
- 6 
-6 
-6 
- 4 
Conductivity of mater ia l s , pressed in the form of p e l l e t s 
of 0.2 cm th ick and 0.31 cm surface area were measured 
a t lOO'^ C. 
o 
CO 
C4 
o 
CM 
C 
o 
*•* 
o 0 
c^  k-
•^ CM 
i: ® 
c^ 
e 
t 
(9 
E 
c 
o 
o 
3 
> 
O 
C 
o 
o 
c 
o 
(J 
CO 
O 
O 
O 
"o 
CM 
cn 
I 
C 
O 
o 
CM 
cn 
< 
c ^ 
C9 C 
X) C 
Z.- ' _0LX4-
. ( UJD UjqO) AtjAj + DnpUOD 
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Diffusion study of Hgl^ 
Diffusion coefficients of Hgl2 were determined by 
12 the method as described by Rastogi and Dubey , Three 
glass tubes of different radii were taken and known amount 
of Hglp was filled in each tube in such a way that the 
distance of Hgl^ surface from open end of tube was same in 
all the cases. The amount of Hglp diffusing into atmos-
phere was determined by weighing each tubes at different 
times. Results are given in figures 8 and 9. 
Discussion 
X-ray analysis (Table II) of an equimolar mixture 
of Ag^VioO^^ and Hglp heated at 100°C for 24 hr and then cool-
ed to room temperature showed the presence of Agl and HgMoO-
only. This points to simple double decomposition represent-
13 
ed by equation (l) which is in conformity with the principle 
of larger cations going well with larger anions and smaller 
cations with smaller anions, 
AggMoO^ + Hgl2 9- 2AgI + HgFioO^ (1) 
14 Agl i s known to r e a c t f a s t wi th Hgl2 to give AgpHgl, , but 
X-ray a n a l y s i s (Table I I I ) of f i n a l r e a c t i o n mixture does 
n o t show t h e p re sence of AgpHgl, . However, t h e fo l lowing 
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observation does indicate its transitory formation in the 
reaction of AgpMoO, and Hglp when mixed in equimolar rauio. 
The initial dark brown mixture, on heating at 100 C become 
yellow (Agl and HgMoO^ are yellow) and remained as such on 
cooling to room teaperature. However another portion of 
this mixture kept at room temperatiire slowly turned orange. 
This orange material on heating above 50,7°C turned red 
which again became orsmge on cooling below this ten^ jerature 
without allowing sufficient time to reach conpletion 
(Ag2HgI^ is red above 50.7 C and yellow below it) . An 
equimolar mixture of AgpMoO, and Hglp heated at 100 C for 
24 hr react completely and give Agl and Hg^ ioO, as products 
(Table III). 
The plot of conductivity versus time (Fig. 3,1) for 
1:1 molar ratio mixture of AgpMoO- and Hgl2 clearly shows 
that the reaction represented by equation (1) is not simple 
and it comprises of atleast three steps. The reaction 
mechanism may be given as, 
Ag2^ io0^  + Hgl2 > 2AgI + HgMoO^ (la) 
2AgI + Hgl2 ^ Ag2HgI^ (lb) 
Ag2HgI^ + Ag2MoO^ ^ 4AgI + HgI«'.oO^  (lc) 
2Ag2MoO^ + 2Hgl2 > 4AgI + 2Hg^ ioC^  
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At the start of the reaction, the very small change in 
conductivity is probably due to the occurrence of slow 
reaction represented by equation (1a), The rapid increase 
thereafter, is due to the formation of highly conducting 
14 
AgpHgl, through reac t ion (1b) . The f ina l f a l l in conduc-
t i v i t y i s due to predominance of disappearance react ion 
(1c) . To confirm reac t ion (1c) , AgpMoO- and AgpHgL were 
niixed in equimolar r a t i o and heated at 100 C for 24 hr 
then cooled to room teniperature. The X-ray analys is 
(Table IV) of the mixture indicated complete conversion 
into Agl and HgMoO, . Strangely enough the stoichiometery 
of the i n i t i a l step represented by equation ( l a ) also 
turns out to be the overa l l stoichiometery of the reac-
t ion represented by equation ( l ) . As the conductivity of 
r eac tan t s and products i s much lower than t h a t of AgpHgl, 
(Table VII I ) , the conductivity curve (Fig. 3,1) e s sen t i a l ly 
monitors the concentration of AgpHgl, , and resembles the 
curve tha t represents the concentration of t r ans i en t spe-
15 
c ies in a consecutive reac t ions . I t confirms the forma-
t ion of AgpHgL and i t s subsequent consumption during the 
reac t ion . 
X-ray analysis (Table I I ) of an equimolar mixture 
of AgpMoO, and Hglp kept a t room temperature show the p r e -
sence of A^Hgl^ along with Agl, HgMoO^  and AgpKoC^. 
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Thermal measurements (Fig. 2,1) made with an equimolar 
mixture of AgpKoO, and Hgl^ at room temperature show only 
one inflection, thus offers no evidence of multiplicity 
of the reaction. This is understandable because step (lb) 
is much faster than step (la). Although exchange reac-
16 
t ions are usually f a s t , step (1a) wi l l be slow because 
+ 2 + 
the ionic s i ze of Ag and Hg are very close to each other . 1A Step ( lb) i s known to be f a s t even at low temperature 
This explains why thermal measurement f a i l s to provide ev i -
dence for steps involved in reac t ion . At room temperature 
reac t ion (1c) does not seems to proceed and if a t a l l not 
to any s ign i f ican t extent . The X-ray d i f f rac t ion data for 
1:1 molar r a t i o mixture of Ag^ MoO, and Hgl„ kept a t room 
temperature i s given in t ab l e V. 
X-ray analysis (Table I I ) of 1:2 molar mixture of 
Ag^ MoO^ and Hglp heated at 100°C for 24 hr , show the p r e -
sence of AgpHgl, and HgMoO/ only. The colour of mixture 
when kept a t room temperature changed to yellow from red. 
On heat ing t h i s yellow mixture above 51 C the mixture 
turned red and changed to yellow if cooled below t h i s tem-
pe ra tu re . The conductivity (Fig, 3,2) of 1:2 molar mix-
tu re of AgpMoO, and Hglp maintained at 100 C, f i r s t r i s e s 
very slowly and then steeply to a constant value. The corjs-
tancy in conductivi ty, a f t e r the sharp r i s e , suggest tha t 
- 110 -
the highly conducting species Ag^Hgl, formed through reac-
tion (lb) is not consumed in other reaction and remains as 
such. On mixing AgpMoO; and Hglp in 1:2 molar ratio both 
at 100 C and room tenperatur^, reaction seems to follow 
same sequence, as in the case of equimolar mixture of 
AgpMoO, and Hglp heated at 100°C, but reaction (1c) does 
not proceed in this case, and if at all not to any signifi-
cant extent. Koreover if reaction (1c) occurs to some ex-
tent, Agl formed in reaction (1c) is changed into AgpHgL 
through reaction (lb). The X-ray diffraction analysis of 1:2 
molar mixture of Ag^MoO^ and Hglp heated at 100°C for 2k hr 
is given in table VI. The sequence of reaction involving 1:2 
molar mixture of AgphoO/ and Hglp may be written as, 
Ag2MoO^ -t- Hgl^ ^ 2AgI + HgMoO^ (2a) 
2 Agl + Hgl^ > Ag2HgI^ (2 b) 
A^MoO^ + 2Hgl2 ^ A^Hgl^+HgMoO^ 
X-ray analysis (Table II) of 1:3 molar ratio mixture 
of Agpf'ioO^  and Hglp heated at 1G0°C for 24 hr show the pre-
sence of HgMoC^, Ag2HgI^ and Hglp. The overall reaction 
taking place in this ratio is in no way different from that 
which occurs in 1:2 molar ratio mixture. However the conduc-
tivity curve (Fig. 3,3) is this case is different from 
others. The second rise in conductivity in this case is a 
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unique f e a t u r e and p o i n t s to second t ime predominance o£ 
t h e format ion of AgpHgl, through r e a c t i o n (3d) and the 
complete r e a c t i o n sequence in 1:3 molar mixture can be p r e -
sumed as f o l l ows : 
Ag2MoO^ + Hgl^ > 2AgI + HgMoC^ (3a) 
2AgI + Hgl2 > Ag2HgI^ (3b) 
Ag2HgI^ + Ag2MoO^ > ^Agl + Hgl^ loO^ (3c) 
4AgI + 4Hgl2 > 2Ag2HgI^ + 2Hgl2 (3d) 
2Ag2MoO^ + 6Hgl2 »• 2Ag2HgI^ + 2HgI^ loO^ + 
2Hgl2 
The X-ray a n a l y s i s (Table VII) of 1:3 molar mixture of 
Ag2MoO, and Hgl2 hea ted a t 100 C fo r 24 hr a l so show the 
p re sence of Ag2Hgl/, Hg ;^oO^ and Hgl2. In t h i s case t h e r e -
a c t i o n fo l low t h e same sequence as in 1:2 molar mixture 
except t h a t excess of Hglp i s l e f t un reac t ed . 
Mechanism of l a t e r a l d i f f u s i o n 
In l a t e r a l d i f f u s i o n experiments i t was observed 
t h a t immediately a f t a r t h e placement of Hgl^ over AgpMoO, 
i n t h e r e a c t i o n tube , a yellow boundary formed a t t h e i n t e r -
f a c e , which grew with t ime on AgpKioO, s i d e and Goon a red 
l a y e r formed between yellow l a y e r and Hgl2. Simultaneously 
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a gap developed between red p roduc t l a y e r and ^.^l^. 
L a t e r , when t h e experiments were run keeping an a i r - g a p 
between the r e a c t a n t s a t the s t a r t i t s e l f , t h e r e a c t i o n 
proceeded l i k e w i s e . This demonst ra tes t h a t Hglo ^^ ^^ ^^  
mobile spec i e s and r e a c t s he re v i a vapour phase . 
If t h i s r e a c t i o n proceeds through t h e u s u a l l y 
1A 
accepted mechanisn) of counter d i f f u s i o n of c a t i o n s , t he 
p roduc t l a y e r s in r e a c t i o n tube a r e expected to have t h e 
fo l lowing sequence. 
Ag^MoO^ HgKoO, Ag2^g^/4 Hgl2 
According to counter diffusion, Agl should not be detected 
in the product and if it is at all detected, it should be 
found with AgpHgl, and not with Hgl'ioO, . As this is diffe-
rent from the observed sequence in the product layer 
(Fig. 1), it is suggested that this reaction proceeds 
through the diffusion of Hglp as such and not through the 
counter diffusion of cations. From this the observed se-
quence of products in the reaction capillary follows all 
right. Once Hglp enters the reaction zone, (into Agi>^ ;^oO^  
grain) Agl and Hg^ ioO/ are formed, Agl then reacts with 
the incoming Hglp to give AgpHgl, giving the observed pro-
duct sequence, Agl formed in the initial stages is comp-
letely converted into AgpHgl, , As AgpHgl, layer is formed 
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in between Hgl„ and Hgf^ oO ,^ some of the Agl lorraed in 
l a t e r stages escapes conversion into AgpHgl, and is de tec-
ted in the yellow layei along with HgMoO, . Si lver molyb-
2- 2-
date has a MoO- framework, i . e . sub l a t t i c e MoO, u n i t s , 
where highly mobile Ag prefers an i n t e r s t i t i a l s i t e over 
a Schottky disorder , Hglp pene t ra tes into the open anionic 
framework, y ie ld ing HgMoO, and Agl, Further in t e rac t ion 
o£ Agl with incoming Hglp produces AgpHgl, germ nuclei the 
growth of which r e s u l t s in a kind of collapse of the ear-
l i e r AgpfioO, l a t t i c e y ie ld ing HgFioO, and AgpHgl^ c r y s t a l l i -
t e s . 
The r a t e of react ion decreases (Fig, 4) with the 
increase in thickness of the product layer . I n i t i a l l y the 
chemical react ion i s f a s t , but the process being diffusion 
control led, reactant takes more and more time to diffuse 
through and reac t ion r a t e thus f a l l s continuously with the 
increase in thickness of product l ayers . 
Lateral diffusion data best the equation (Fig. 5) 
x'^  = kt (4) 
where x is the product thickness at time t, k and n are 
constants. The observed higner value of n (Table I), which 
otherwise should have 2, had the reaction followed the para-
bolic rate law. The value of n rises further with the rice 
in tenperature from 80-135 C, and this suggests an addition-
al resistance to the rate of reaction, like sintering which 
I 
E 
u 
u 
o 
O 
C 
u 
Fig. 4, Kinetic data for the reaction between 
and Hgl2 at various temperatures . 
Ag^MoO^ 
1.G 
log t ( h r ) » 
F ig . 5. Kinetic data for lateral d i f fus ion and test 
of equation x = k t for the react ion between 
Ag2Mo04 and Hgl2. 
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r i s e s i u r t h e r with the r i s e in temperature, k re la ted to 
t h e diffusion constant, follows the Arrhenius equation 
(F ig .6 ) , The ac t iva t ion energy, measured from log k versus 
inverse temperature p lo t was 93.931 kj 'mol. 
To see if there i s any i n i t i a l difference in the p ro -
cesses occurring in two temperature ranges, the slope of 
product-growth-curve tha t measures the reac t ion r a t e was de-
termined at zero time and i t s logrithm was p lo t t ed against 
inverse temperature (F ig .7 ) . The ac t iva t ion energy of 20.90 
kJ/mol in lower temperature range in t h i s case indica tes tha t 
the process i s grain boundary or surface diffusion control led, 
whereas the ac t iva t ion energy of 90.49 kJ^mol for the second 
tenpera ture range shows tha t in the higher temperature range 
process i s bulk diffusion control led r igh t from the s t a r t . 
Diffusion coefficient of Hgl2 was calculated to con-
firm whether surface migration also contr ibute in addit ion to 
vapour phase to the over a l l diffusion control led reac t ion of 
AgpMoO^ and Hgl- in sol id s t a t e . The data f i t best the equa-
t i o n . 
^W = K^t (5) 
where C\^ is the amount of Hglp diffused in a i r in time t and 
K. i s a constant.AW was p lo t ted against time t (Fig.8) and 
K. calculated for glass tubes of various radius» The value 
of K^  were found to depend on the radius of glass tube, accor-
ding to the equation 
K ^ r = cXr +)3 (6) 
-3.0 
- 4 . 0 -
o 
2.5x10^ 2.7 2.9 3.1 
1/T 
Fig.G. Dependence of k on temp^srat^jr? 
for the react ion between Ag2MoO^ 
and Hg l j • 
-0.20 
-0.20-
o 
-0.G0 
- V 
2.5x10^ 2.7 2.9 3.1 
1/T 
Fig.7. Temperature dependence of initial rate con 
-StG 
and Hgl 
s ant k for the reaction between Ag^MoO. 
^2-
t 
e 
<3 
8 12 
t ime ( h r ) 
F ig.8. Kinetic data for the s tudy of di f fusi 
-on of H g l 2 . Radius of glass tubes 
are : ( 0 ) 0.4cm , (®) 0.2cm ^ and ( • ) O-l cm . 
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where r i s tha radius of tube and c<and p are given by 
OC = r[ Ce Dv/1 (7) 
p = 27TCe Ds (a) 
where 1 i s the dis tance of Hglp surface from the open 
end of tube, Dv the diffusion coeff ic ient for vapour phase 
and Ds, the diffusion coeff ic ient for surface migration 
of Hglp. Ce, the equilibrium concentration of Hgl^ jus t 
above the Hglp surface was calculated from vapour pressure 
using the equation, 
P = CRT (9) 
P is the vapour pressure of Hglp was obtained in the de-
sired temperature range by using the equation, 
iog,oP= a^opi^.b (10) 
where T i s the absolute temperature and a & b are constants 
'•7 
and whose value for a p a r t i c u l a r temperature range i s given. 
The vapour pressure of Hglp was obtained as 9.25 mm of 
mercury. 
The t e s t of equation (6) was made by p l o t t i n g K. / r 
against radius (Fig. 9) and oC and Q evaluated from the p l o t . 
i o.oe 
0 02 OA 
r ( c m ) * 
Fig.9. Estimation of diffusion coeffic 
-ient of Hgl2 in air and surface 
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The values of diffusion coeff ic ients of Hglp 
-2 
evaluated from equation 7 and 8 were found to be 1.17x10 
2 , -h ^ 
Cm / s e c and 2,98x10 Cm/sec for vapour phase and surface 
migration respec t ive ly . These values of diffusion co-
e f f i c i en t s of Hglp suggests tha t surface migration also 
contr ibute in addi t ion to the vapour phase diffusion con-
t r o l l e d sol id s t a t e reac t ion of Ag2^ 'ioO^ and Hglp. 
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CHAPTER - V 
REACTION OF Ag2MoO^ AND HgBr^ 
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In this chapter the solid state reaction betv/een 
silver molybdate and mercuric bromide has been studied with 
a view (1) to establish the mechanism o£ reaction, (2) to 
study the effect of temperature on reaction rate and (3) 
to study the effect of length of air-gap between the reac-
tants on the rate of reaction. The mechanism of the reac-
tion has been explained by X-ray, thermal and conductivity 
measurements. Kinetics of the reaction has been studied 
by capillary technique. Diffusion coefficient of mercuric 
bromide in air and for surface migration have been experi-
mentally determined. 
Powdered- AgpMoO, and HgBr^, on mixing in different 
molar ratios changed to yellow from original white both at 
room temperature and 100 C. 
Rate measurements 
Kinetics of the reaction were studied by placing 
HgBrp over Aggl'ioO^  in a pyrex glass tube as described before, 
Each experiment was run in triplicate. The agreement bet-
ween the corresponding values of different sets was quite 
satisfactory. The average values were used for calculating 
the rate constants given in table I, 
A yellow colour boundary developed at the interface 
soon after the placement of HgBrp over A^MoO, in the reac-
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Table - I 
Temperature dependence of parameters of the equation, 
X = k t , for the Ag^ i'^ oO^ - KgBr2 reac t ion . 
Temperature k n 
' 0 , Cc + 0.5) (Cm/hr) 
70 1.18 X 10"^ 
80 3.22 X 10"^ 
90 9.79 X 10"^ 
101 2.62 X 10 
115 7.73 X 10'^ 
t i o n tube and t h i s grew with time on AgpHoO, s ide , and a 
gap developed between yellow layer and HgBrp. The k ine-
t i c s were l ikewise studied at d i f ferent t enpera tures . 
Later when the k ine t i c s were run keeping air-gap 
between r eac tan t s , the reac t ion proceedi^d smoothly giving 
the same product layer . The values of r a t e constant:^ are 
given in Table I I . 
Analysis of product layer 
A react ion tube having thick product layer was 
broken and the product was col lec ted . X-ray analysis con-
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Table - I I 
Dependence of r a t e constant on the length of air-gap for 
AgpMoO,-HgBrp react ion at constant t enpera ture . 
Length of air-gap k ' 
d(cm) (Cm/hr) 
0.2 6.21 X 10"^ 
-4 0.8 1.03 X 10 
1.2 3.07 X 10"^ 
1.6 1.25 X 10"^ 
Tenperature, 160 + 0.5 C; P a r t i c l e s ize above 300 mesh. 
firmed the yellow product to be a mixture of AgBr and 
HgI<loO-. Chemical analysis also confirmed the above pro-
ducts . 
X-ray s tudies 
Powdered AgpFiOO/ and HgBrp (above 300 mesh) were 
mixed thoroughly in mortar in d i f ferent molar r a t i o s . One 
p a r t of each mixture was heated at 100 C for 24 hr in an 
a i r oven. The other pa r t was kept at room tenpera ture . 
The react ion mixtures were analysed by Geiger counter X-ray 
diffractometer (P^ 1010 ph i l i p s ) us ing CuKoc rad ia t ion with 
Ni f i l t e r applying 32 Kv at 12 mA. The compounds ident i f ied 
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i n d i f f e r e n t molar mixtures of AgpMoO, and HgBrp a r e given 
in Table I I I . The X-ray d i f f r a c t i o n d a t a ob ta ined fo r 
d i f f e r e n t molar mixtures of AgpMoO/ and HgBrp a r e given in 
Tables IV t o XI. 
Table - I I I 
Compounds i d e n t i f i e d in d i f f e r e n t molar r a t i o mix tures of 
AgpMoO^ and HgBrp. 
Molar r a t i o s of Compounds i d e n t i f i e d in mixtures 
AgoI'ioO, and HgBr„ ,r ^ 4. ,.„ • ^ ^ 3 ^ 
'='2 k •=• 2 Kept a t room Maintained a t 
i n d i f f e r e n t mix- t e m p e r a t u r e 1OO^C fo r 24 hr 
•^^^®s- fo r 15 days . t hen cooled to 
room t empera tu re . 
2:1 AgBr, Hgl^ ioO^ AgBr, HgJ»ioO ,^ and 
and Ag2^io0^ AgpMoC^ 
1:1 AgBr, Hgl-ioO^, AgBr, Hgf«;oO^ 
AgpMoO^,and 
HgBr2 
1:2 AgBr, HgMoO ,^ AgBr, Hgr^ '.oO^^ , and 
Ag2^ioO^, and HgBr2 
HgBr2 
1:3 AgBr, HglnoO^, AgBr, Hg^ •ioO^ , and 
Ag2MoO^, and HgBr2 
HgBr2 
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Table - IV 
X-ray d i f r r a c t i o n da t a of 1:1 molar mixture of Ag-^^^'-oCj^ 
and HgBr„ a t room t e n p e r a t u r e for 15 days . 
d 
3, 
3, 
3. 
2. 
2, 
2, 
„o 
m A 
.63^^ 
.35^ 
.26^'"^» 
* 
.99 
.90' ' 
.85^^ 
Vio 
10 
6 
14 
8 
7 
16 
d in A° 1/ lo 
2.67 
2 . 3 1 ' ' 
2 .034^ 
1.93 
Lee"" 
15 
8 
14 
5 
1.64"^ 18 
1 2 
X Lines l o r AgBr ; * Lines fo r Hgl\oO^ ; + Lines fo r 
3 4 
A^MoO, ; ++ Lines fo r HgBrp . 
Table - V 
X-ray d i f f r a c t i o n da ta for 1:1 molar mixture of AgJ'^ oOy 
and Kg3r2 a t 100 C and then cooled t o room t e n p e r a t u r e . 
d in A° 11 Yo d in A° I / j o 
3.269'*' ' ' '" ' 17 
3 . 2 1 1 * 15 
3 .025 ' ' 21 
2 .895^ 44 
2.125'*' 10 
- _ 
X Lines for AgBr ; * Lines for Kgl-.oO/ ; + Lines for 
3 4 
Ag2f''O0^  ; ++ Lines for HgBrp . 
2.067^ 
1.78^ 
^,^^ 
1.64^'-^-^ 
* 
1.55 
12 
23 
13 
25 
3 
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Table - VI 
X-ray d i x f r a c t i o n da ta for 2:1 molar mixture o£ Agp '^ioC '^'^ "'^  
HgBrp kept a t room tempera tu re for 15 days . 
d in A° I / j ^ d in A° I / ^ ^ 
3.292'' 
3.211* 
2.859^'^"^ 
2.792* 
2.65'" 
2.59 
34 
28 
25 
100 
34 
28 
2.50'*'''''^  
2.06"^ 
1.92"" 
1.78 ' 
1.64*'^ 
1.54 
25 
20 
25 
43 
48 
25 
1 2 
X Lines for AgBr ; * Lines for Hgl^ ioO/ ; + Lines for 
3 4 
AgpKoO, ; ++ Lines for HgBrp . 
Table - VII 
X-ray d i f f r a c t i o n da ta fo r 2:1 molar mixture of AgpliOO; and 
HgBTp maintained a t 100 C and cooled to room t e i i p e r a t u r e . 
d in A° l7^^ cl in A° T/^ 
3.26"" 14 2.32'*" 10 
3 . 2 1 1 * 18 2 .03^ 33 
3.024* 20 1.95* 6 
2 .895 ' ' 46 1.78'" 19 
13 2 .794 ' ' 53 1.66^ 
2 . 6 7 * ' ' ' ' ' 15 1.64"''^^ 2' 
=] P 
X Lines fo r AgBr ; * Lines for Hgl^ 'ioO '^^ ; + Lines fo r 
Ag2^loO^ ; ++ Lines for HgBrp . 
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Table - VII I 
X-ray d i f f r a c t i o n d a t a fo r 1:2 molar mixture of Agp^'O^^^"^ 
HgBTp maintained a t room tenipera ture fo r 15 days . 
V io ^ ^ ^° l / l o 
6 
21 
9 
20 
90 
24 
16 
1 2 
X Lines l o r AgBr ; * Lines f o r HgMoO^ ; + Lines for 
AgpMoO,-^; ++ Lines fo r HgBrp . 
Table - IX 
X-ray d i f f r a c t i o n da ta fo r 1:2 molar mixture of Ag^I'ioO; and 
HgBTp maintained a t 100 C and cooled to room t empera tu r e . 
d in A° I / j ^ d in A^ l/^^ 
3 .35^ 15 2 .54* 19 
3 . 2 1 1 * 38 2 .05^ 08 
2.999* 42 1.96* 23 
d 
3, 
3. 
3 . 
2, 
2, 
2, 
2 
i n A 
,63** 
.26*-** 
It 
.02 
.85' ' 
.79' ' 
.67-''-^^ 
.53 
2.32"*" 
2.12-^^ 
2 .06^ 
2.01"''*" 
1.89"*" 
Lys"" 
1.63 . 
18 
9 
9 
11 
13 
35 
39 
2 .895^ 100 1.74^»* 19 
2.793'" 73 1.664^ 30 
2 . 6 7 3 ' ' ' ' ' ' ' 27 1.552* 19 
1 2 
X Lines f o r AgBr ; * Lines f o r Hgl'-ioO- ; + Lines fo r 
3 4 
AgpI'^ oO^ ; ++ Lines fo r KgBrp . 
Table - X 
X-ray d i f f r a c t i o n d a t a fo r 1:3 molar mixture of ACp^ 'OO^  
and HgBrp kept a t room tempera tu re for 15 days . 
d in A I / l o d in A l / I o 
3 .35 ' ' 
3.24'" 
3 .21 
2.859^*""' 
2 . 6 5 ^ 
* 
2 .59 
5 
84 
15 
10 
11 
• 16 
2.395"''" 
2 . 3 1 " ' ^ " 
2.17"^ 
2.14"^ 
2.06^ 
8 
a 
21 
5 
25 
1 2 
X Lines lor AgBr ; * Lines for Hg^ ioO^  ; + Lines for 
3 4 
Ag2^ 'lo0^  ; ++ Lines for HgHr^ . 
Table - XI 
X-ray d i f f r a c t i o n d a t a fo r 1:3 molar mixture of AgpI'.oO, 
and HgBrp hea ted a t 100 C and cooled to room t e n p e r a t u r o . 
d i n A° I / l o d in A° 1/j^ 
3.269"'''^"' 15 
3 . 2 1 1 * 20 
3 .021* 21 
2.904^ 57 
2.815""'' 20 
2 .69 ' ' ' ' ' ' " 7 
2 .615^ ' ' 9 
-
X Lines fo r AgBr ; * Lines fo r Hg l^oO- ; + Lines fo r 
, . 3 4 
Ag2l'ioO^'^; ++ Lines fo r HgBr^ . 
2 .550* 
2.31"-" 
2.07""^ 
2 .03 ' ' 
* 
1.95 
1.74' ' 
1.55 
9 
9 
6 
38 
7 
7 
6 
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Thermal s tudies 
Weighed amoxints of Agp i^oO, and HgEr^ (powdered above 
300 mesh) were taken in a Dewar f lask and mixed thoroughly 
with a s t i r r e r . The r i s e in temperature with time was noted 
with the help of Beckman thermometer reading upto 0.01 . 
The r e s u l t s are presented graphically in Fi£;ure 1. 
Conductivity measurements 
AgpMoO/ and HgEr- in d i f fe ren t molar r a t i o s , were 
mixed thoroughly and poured into a die and pressed into a 
2 
disk of about 0,2 cm thick and 0,31 cm surface area. The 
disc was then placed between platinum electrodes and change 
in conductivity with time was noted by conductivity bridge 
(Cambridge Instrument Co., England) at 50 c/s and results 
are presented in Figure 2, Conductivities of different 
species involved are given in Table XII. 
Table - XII 
Conductivities of different compounds. 
Compounds Conductivity 
(Ohm Cm)"'' 
_ _ _ _ _ 8.7 X 10"^ 
HgBr2 7 .0 X lO""^ 
AgBr 9.2 X 10~^ 
HgMoO^ 4 . 5 X 10"^ 
Conductivity of ma te r i a l s , pressed in the form of p e l l e t s 
of 0,2 cm th ick and 0.31 cm surface area, v/ere measured 
a t 100°C. 
o 
o 
CM 
o 
to 
*" 
c Ci» 
(9 
^ 
c 
o 
o 
0 
c« k. 
01 
£ 
CO 
^^v 
4 
c 
0 
CM 
/-% 
© 
.^^  
*< 
m-
r-
o 04 
r— 
o 
CD 
o 
^ 
^M 
o 
A T 
1  
' - - > 
••-
E^  
6» 
£ 
•* 
o £ 
*-• 
H-
o 
c 
o 
•-
c 
D 
«•-
0 
(/) 
o 
0) 
t_ 
r> 
•-
0 
a 
£ 
0) 
CM 
^^ 
O 
N..' 
k. 
0 
(A 
g 
•» 
d 
w 
k. 
0 
2: 
i^  
CO 
en 
X 
T3 
c 0 
^ 
o O 
C4 
< 
o 
o ih 
CO 
o 
cw 
ui 00 
o 
00 
in 
CO 
( 0 ) 2 jn iD jadu i3 i 
o 
O 
in 
00 
o 
o 
CM 
O 
1 > 
• • - • 
CM *-
r~ ^-^ 
V 
£ 
<-• 
o 
OD 
O 
>* 
o 
d' 
o 
Z CM 
< 
C 
C9 
(^  
^ 
>«-• 
CJ 
^ 
c 
o 
• * 
u 
0 
w 
i : 
••-" 
k. 
o 
«f-
C9 
E 
• » 
> 
>» 
• • 
> 
u 
3 
T3 
C 
o 
o 
c 
C9 
c 
o 
JC 
o 
CM 
Cn 
il 
• 
CO 
y~^ 
4 
"O 
c 0 
^ 
CM 
*— 
<«-» 
o S w ^ 
—^ 
/^ -^  
<1 
•m 
»— 
<N 
^ - N 
o « • — ^ 
Cil 
o 
01 
O 
• -
0 
V . 
a 
"o 
PQ 
a> 
I 
•o 
c 
0 
,J)lx«. . ( uiD ujqo ) A^iAnonpuoD 
- 127 -
D i f fu s ion study of HgBr2 
Di f fus ion c o e f f i c i e n t of mercur ic bromide in a i r 
and fo r su r face migra t ion was determined in t h e way as 
d e s c r i b e d before fo r Hgl . The amount of HgBr d i f f u s -
i n g away was determined by weighing t h e c o n t a i n e r a t d i f f e -
r e n t t ime i n t e r v a l s . R e s u l t s a r e given in f i g u r e s 7 and 8 . 
D i scus s ion 
X-ray a n a l y s i s (Table I I I ) of an equimolar mixture 
of AgpMoO/ and HgBrp kept a t room t e n p e r a t u r e and maintained 
a t 100 C r evea led t h a t AgBr and HgMoO, were t h e only p roduc t s , 
The colour of an equimolar mixture changed from whi t e t o 
yel low a f t e r r e a c t i o n . The p a t t e r n of thermal ( F i g s . 1,2) 
and c o n d u c t i v i t y v a r i a t i o n with t ime (F ig . 2 , 2 ) and t h e 
change in colour of mixture from whi te to yel low suggest i t 
t o be simple exchange r e a c t i o n . 
Ag2MoO^ + HgBr^ > 2AgBr + HgMoO^ (1) 
F u r t h e r , t h e h ighe r c o n d u c t i v i t y of product in each case 
a s compared to t h a t of t h e r e s p e c t i v e r e a c t i o n mixture 
( F i g . 2) i s in conformity wi th t h e f a c t t h a t t he produc t 
AgBr i s more conduct ing than t h e r e a c t a n t s HgBrp and 
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AgpKoO/ (Table X I I ) , Thermal maxima occurs about 25 mts , 
whereas constancy in c o n d u c t i v i t y (measured a t much higlier 
t e i i p e r a t u r e ) i s observed a f t e r an hour. Conduct iv i ty cons-
tancy p o i n t s to conp le t ion ol' r e a c t i o n whi le thermal maxima 
i n d i c a t e t h e s t age whe rea f t e r , d i s s i p a t i o n of hea t dominates 
i t s evo lu t ion r a t e . 
5 
As AgpHgl^ i s formed in Agp^oO^-Hgl^ r e a c t i o n , i t 
was expected t h a t AgpHgBr/ may be formed in Agp^'OO^-HgErp 
r e a c t i o n as expla ined below: 
Ag^MoO^ + HgBr2 > 2AgBr + HgMoO^ ( l a ) 
2AgBr + HgBr2 • Ag^HgBr^ ( l b ) 
AggHgBr^t Ag2McO^ > 4AgBr + Hg i^oO^ ( l c ) 
2Ag2MoC^ + 2HgBr2 > 4AgBr + 2HgMoO^ 
But con t ra ry t o expec t a t i on no evidence could be no t i ced 
( Table V ^. The colour of 2:1 molar mixture of AgBr 
and HgBrp changed s l i g h t l y on mixing and h e a t i n g , but t h e 
X-ray a n a l y s i s (performed a t room t e n p e r a t u r e ) of t h e same 
mixture did not show any new l i n e . X-ray d i f f r a c t i o n ana -
l y s i s of t he mixture could not be done a t h ighe r tempera-
t u r e because of t h e non a v a i l a b i l i t y of h igh t e n p e r a t u r e 
accessory a t t a ched to t h e d i f f r a c t o m e t e r . I t seems t h a t 
t h e s l i g h t colour change i s due to the f a c t t h a t t h e r e a c -
t i o n occurs to an ex ten t t h a t i s too i n s i g n i f i c a n t to be 
d e t e c t e d by X-ray d ix ' f r ac t i on method. 
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I t i s i n t e r e s t i ng to re-port that 2:1 molar Dixture 
of AgBr and HgBTp and 1:2 molar mixture of Agp^ '^ oO^ ^^ '^^  
HgBrp on heat ing to about 200 C turned orange. On cooling 
t h i s orange colour immediately returned back to i t s yellow 
colour. The orange colour i s probably due to the roriiiation 
of AgpHgBr, , which being unstable at lower temperature, 
deconposes on cooling to parent compounds. 
X-ray analys is (Table VI-XI) reveal tha t AgpMoO^ and 
HgBrp in d i f fe ren t molar r a t i o s ( 2 : 1 , 1:2 and 1:3 molar 
r a t i o s ) , seems to react through same course as reported for 
an equimolar mixture of Agp^ '^ oOy and HgBrp. Thermal (Fig. 1,1 
3 and 4) and conductivity (t^'ig, 2 ,1 ,3 and 4) measurements 
a lso support t h i s view. 
Mechanism of l a t e r a l diffusion 
I t i s c lear from t^ig, 3i tha t the r a t e of react ion 
decreases with an increase in thickness of the product. The 
i n i t i a l rapid increase in thickness of product i s due to the 
f ac t tha t diffusion i s f a s t in the beginning. A^  the product 
thickness increases , r eac tan t s take more time to diffuse 
through and the reac t ion r a t e f a l l s rap id ly . For l a t e r a l 
diffusion, k i n e t i c data f i t best (Fig, 4) the equation, 
X = kt (2) 
where x i s the thickhess of product at time tinie t , n being 
equal to 2 the equation (2) becomes the well known parabol ic 
r a t e law,and parabol ic r a t e constant k , r e l a t ed to aiffusion 
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coefficient and follow (t-'ig. 5) the Arrhenius equation 
k = A e {5i 
Activation energy measured from a log k versus inver.je 
temperatiyre plot was 78.16 k JAnol . 
r'ormation of yellow product layer on the side of 
AgpKoO, and i t s growth with time even when the reactants 
(Ag^ MoO, and HgBrp) were placed with an air-gap between 
them suggest that HgBrp is the diffusing species and that 
the reaction is vapour phase diffusion controlled. 
Kinetics of the reaction were studied by keeping 
air gap of different lengths. The value of rate constant 
was found to depend on the length of air gap betv;een the 
reactants according to the following equation , 
k' = A e - ^ ^ (A. 
where d is the length of the air gap, and A and b are 
constants. The linear plot of leg k versus d (Fig, 6) 
of 
indicates the mode of dependence^reaction rate on the 
length of air gap. The rate of reaction decreases with 
increase in the length of air-gap between the reactants 
(Table I I ) . 
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F i g . 5 . Dependence of k on temperature 
for the re 
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F ig .6 . Dependence of reaction rate on 
lengh of air gap for the react ion 
between Ag2MoO^ and HgBr^. 
- 131 -
The experiment on the d i f ius ion coeff icient of 
HgBrp show tha t HgBrp i s also diffusing through surface 
migration in addit ion to vapour phage. The data f i t best 
the equation. 
AW = K^t (5 ; 
where AW is the amount of HgEr^ diffused in a i r , t i s 
the time and K^  i s a constant. A W was p lo t t ed against the 
time t (Fig. 7) and K^  calculated for glass tubes of a i f fe-
rent diameters. The value of K^  depends on the diameter 
of glass tubes according to the equation 
K^/r = ocr + /2> (6) 
where r i s the radius of tube and oc and p? are given by 
OC = T CeDv/1 (7j 
12, = 2 rf Ce Ds (8) 
where 1 i s the dis tance of HgBrp surface from the open 
end of the tube, Ce i s the equilibrium concentration of 
HgBTp jus t above the surface, Dv i s the vapour phase diffu-
sion coeff ic ient and Ds, the diffusion coeff ic ient for 
surface migration. The t e s t of equation (6) i s ruade by 
p l o t t i n g K^/r against r (Fig. 8) and oC and |3 has been 
evaluated from the o l o t . 
0.3 G 
[ 
E 
0.24-
0 4 e 12 
t (hr ) " 
Fig.7. Kinetic data for study of d i f fusion 
of HgBr2. Radius of gloss tub«s 
arc : ( o ) 0 . 4 c m / ® ) 0.2cm, a n d ( « ) 0.1cm. 
0.1G-
I 
r ( c m ) >• 
Fig. 8. Estimation of di f fusion coefficient 
of HgBr2 in air and sur face . 
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The value of Ce, the equilibrium concentration of 
HgBrp, just above the HgBrp surface was calculated from 
the vapour pressure using the equation, 
P = CRT (i) 
P, the vapour pressure of HgBrp in the desired toirperature 
range was obtained by using the equation, 
p 0.03223 a ^ , , .^ s 
l o g ^ o ^ = J + b n o ) 
where a and b are constants, whose values are given for 
7 
particular temperature range , T the absolute tenperature 
and P is the vapour pressure of HgBrp in nun of mercury, 
and was found to be 9.55 nini of Hg for HgBrp. 
The values of diffusion coefficients of HgBrp for 
vapour phase and surface migration as evaluated from 
-2 2 
equations (7) & (8) come out to be 1.26 x 10 Cm /sec 
~4 2 
and 2.32 x 10 Cm /sec respectively. 
Dependence of reaction rate on the length of air-
gap between the reactants and the values of diffusion co-
efficients of HgBrp for vapour phase and surface migration, 
suggest that surface migration plays some what insignifi-
in 
cant role/diffusion in the overall kinetics of solid state 
reaction between AgphoO- and HgBrp. 
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CHAPTiS^ - VI 
REACTION 0 '^' Ag2MoO^ AND HgCl2 
- ^y^ -
Solid s t a t e react ion oi s i lve r n.olybdate with 
merciiric iodide giving highly conaucting ioaoraercurate oi 
s i lve r due to proneness of. s i lve r ions to occupy i n t e r s t i -
t i a l pos i t ions ra ther than to form vacancy p a i r s proi'ptecl 
us to inves t iga te the reac t ion of mercuric chloride v.-itii 
s i lver molybdate with a view (1) to es tab l i sh mechanism oi 
the react ion, (2) to study k ine t i c s ot" reac t ion when r eac -
t an t s were in contact and when they were separated by a i r 
gaps o-C di f ferent lengths . Kinetics of the reac t ion has been 
studied by visual technique, Mechanism of the reac t ion has 
been explained by X-ray, chemical ana lys i s , thermal and con-
duc t iv i ty measurements. Diffusion coefficient of mercuric 
chloride in a i r and for surface migration has been det-jrained. 
Rate measurements Kinetics of the redaction in solid s t a t e 
were studied by placing HgClp over AgphoO, (both pov/derea 
above 300 mesh) in a glass tube as reported e a r l i e r . JIUCVI 
experiment was run in t r i p l i c a t e aiiU the a^reeiiiji.t b_'LWi.;en 
the corresponding values of a i f fe ren t se t s i s quite sutxofac-
to ry . The average values were used to ca lcu la te the r a t e 
constants reported in Table I . 
A cream colour layer developed at the in ter face com 
af te r the placement of HgClp over kgA-ioO, in a reactioi ; tube. 
This grew with time on Agp^ -oG, s ide . A gap developed bet./;eoM 
cream layer and HgClp. Kinetics v/ere l ikewise studied at 
d i f ferent temoeratures. 
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Table - I 
n Temperature dependence oi' pa rame te r s o£ t h e equat ion X - k t . 
Tor the r e a c t i o n AgpI'-oO^ - HgCl2. 
Temperature k 
(°C + 0 .5) (cra/lrir) n 
70 1.87 X 10"^ 
80 ^ .28 X 10"^ 
90 9.18 X 10"^ 
102 1.99 X 10~^ 
115 3.9o5 X 10"^ 
129 ' 8.31 X 10 '^ 
Later when t h e experiments were run keeping a i r gap 
between r e a c t a n t s a t t h e s t a r t i t s e l f , r e a c t i o n proceeded 
l i k e w i s e with t h e format ion of cream colour l a y e r on Ag;,MoCv 
s u r f a c e . The va lues of r a t e cons t an t s a r e given in T a b l e - l l . 
Ana lys i s of product l a y e r React ion tube having produc t 
l a y e r was broken and the cream coloured p roduc t l a y e r v/as 
c o l l e c t e d c a r e f u l l y . X-ray d i f f r a c t i o n a n a l y s i s oi' i:he l a y e r 
conf iriBed i t t o be a mixture of AgCl and HgMoO^  . Pro: UC':G 
were a l so i d e n t i f i e d by cheritical a n a l y s i s . 
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T a b l e - I I 
Dependence of r a t e c o n s t a n t on tl ie len^fth of a i r - r a p fo r 
AgpMoO, - HgCl^ r e a c t i o n a t c o n s t a n t t e n i p e r a t u r e . 
Leng th o£ a i r - g a p j^r 
d ( cm ) (crr , /hr) 
0 . 2 6 .81 X 10"^ 
0 . 8 1.95 X 10"^ 
1.2 • 6 .29 X 10~ 
1.6 2 . 9 1 X 10"^ 
Tenperatur^e 160 + 0 .05 C; p a r t i c l e s i z e above 300 mesh 
X - r a y s t u d i e s . Powdered AgJ'ioO. and HgCl^ (above 
300 mesh) v/ere mixed i n d i f f e r e n t molar r a t i o s . One p a r t 
of each m i x t u r e was h e a t e d a t 100 C f o r 24 h r s i n an a i r -
o v e n c o n t r o l l e a t o + 0 .5 C and t h e n c o o l e a to room t e m p e r a -
t u r e . Other p a r t was k e p t a t room t e n p e r a t a r e f o r M> d a y s . 
I - i ix tures were a n a l y z e d by Nore l co Ge iger c o u n t e r X-ray d i f f -
T a c t o m e t e r (PW 1010 P h i l i p s ) u s i n g CuKCC r a d i a t i o n v,ii.h i i i 
f i l t e r a p p l y i n g 32 Kv a t 12 mA. 
The compounds p r e s e n t were i d e n t i f i e d by c a l c u l a t -
i n g t h e i r d v a l u e s and c o r r e s p o n a i n g i n t e n s i t i e s and co::;par-
i n g them w i t h t h e s t a n d a r d valU'?s of t h e e x p e c t e d coi..pcunn.3, 
The compounds i d e n t i f i e d i n d i f f e r e n t ii.olar r a t i o i . i i x t a r e s 
o f Ag2Ho0^ and HgCl2 '"^^ g i v e n i n T a b l e I I I . 
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T a b l e - I I I 
Compounds i d e n t i f i e d i n AgpI'ioC/ - KgCl^ r e a c t i o n m i x t u r e . 
I ' .olar r a t i o ox 
Ag2^''.o0^ ana KgCl^ 
i n d i f f e r e n t 
m i x t u r e s . 
Comoounds i d e n t i f i e d i n m i x t u r e 
Kept a t room Hea ted a t 100° C 
t e m p e r a t u r e f o r 2k i i r , t i ien 
f o r 1!? d a y s c o o l e d t o roon^ 
t e n m e r a t u r e 
2 :1 
1;1 
1:2 
1:3 
AgCl, HgMoO^, 
Ag2MoO^ and 
KgCl2 
AgCl, HgiMoO ,^ 
Ag2HoO^ and 
HgCl2 
AgCl, Hgr^oO^, 
HgCl2 and 
AgCl, HgI«1oO^^ , 
KgCl2 ^^^ 
AgCl, Hgl^ioO^, 
AgCl, Hgl'loO^ 
At/Cl, Hgi'icC^ 
and HgCl2 
AgCl, Hf '^loC/^  
and HgCl_ 
The d values and corresponding i n t e n s i t i e s oboerved 
f o r d i f f e r e n t molar n. ixtures of AgpHoO/ and HgClp a r e repor-
t e d in Tables IV to XII . 
Thermal s t u d i e s Weighed amounts of Ag^i'-oC, a2id HgCl,, 
were taken in a double wal led Dev/ar / l a s k , 2J c::; I o n / ^:A 
2 cm wide, kept in a wooden case packed v/ith c o t t o n . fuo 
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Table - IV 
X-ray d i f f r a c t i o n da t a fo r 1:1 molar mixture of Agp,I-ioO^ 
and HgClp hea ted a t 100 C and then cooled to room teiapera-
t u r e . 
d i n A° I / l o d in A° I / i o 
5.209^'^ 26 1.960^^ 10 
3.212^ ' '*^ 100 1.922^ 22 
3 .029^ ' ' 100 1.741'' '^ 35 
2.711"^ 65 1.647^ 9 
2 .562^ ' ' 39 
1 2 
X Lines fo r AgCl ; xx Lines fo r Hgl^ ioC. . 
Table - V 
X-ray d i f f r a c t i o n d a t a for 1:1 molar mixture of AgpI'^ oC 
and HgClp kept a t room t e n p e r a t u r e fo r 15 days . 
d i n A° I / l o d in A° l/j^ 
4.32" ' ' ' 23 
3.26"*' 40 
3 , 2 1 1 ' ' 70 
3 .019^^ 100 
2.75^*'^ 100 
1 2 
X Lines fo r AgCl ; xx Lines f o r Hgl'loG, ; + Lines f o r 
•5 4 
Ag2f^o0^ ; ++ Lines for HgCl2 * 
2 .71 ' -^ 
2.59"*" 
2 .56^^ 
1.97'' ' ' 
1.93' ' 
7 
20 
39 
12 
25 
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Table - VI 
X-ray d i f f rac t ion data of 2:1 molar mixture of AgCl and 
HgClp heated at 200 C and then cooled to room temperature. 
d in A^  I / l o d in A I / I Q 
4.28'''*' 80 
A.OI'""' 14 
3.390'' ' ' 20 
3.20^''""' 65 
1 4 
X Lines for AgCl ; ++ Lines for HgCl2 ' 
Table - VII 
2.775^ 
2 .01^" 
Lg^"" 
1.66i^ 
100 
20 
75 
20 
X-ray d i f f rac t ion data for 2:1 molar mixture of AgpMoC, 
and HgClp heated at 100 C and then cooled to room teruper; 
t u r e . 
d in A° I / l o d in A° I / I Q 
5,20"^'^'^ 20 
3.269"" 34 
3 . 2 1 1 ^ ' ^ 78 
3.024^^ 90 
2.805'" 90 
2.779^ 100 
1 2 
X Lines for AgCl ; xx Lines for Hgl-joO, ; 
3 
+ Lines for Agt'ioO^  . 
2.56' ' 
1.96^*^ 
1.75'''' 
1.66^ 
1.243'' 
28 
71 
16 
29 
15 
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Table - VII I 
X-ray d i f f r a c t i o n da t a fo r 2:1 molar mixture of AgpI'ioO^ 
and HgClp kept a t room tempera tu re for 15 days , 
d in A° I / jQ d in A"" I / I Q 
5.32"' 
3 .272 ' ' 
3 .205^^ 
3 .015 ' ' ' ' 
2 .815 ' ' 
2.772'' 
- _ _ 
X Lines i o r AgCl ; xx Lines fo r HglnoO- ; 
3 4 
+ Lines f o r AgT-^ ioO, ; ++ Lines f o r HgClp . 
22 
34 
70 
80 
90 
100 
2.67'' 
2.564'^ '^  
2.32-''"^ 
1.95'"' 
1.90'' 
26 
30 
16 
65 
14 
Tab le - IX 
X-ray d i f f r a c t i o n da t a f o r 1:2 niolar mixture of Agpl'-joC/ 
and KgClp hea ted a t 100 C and then cooled to room tempera-
t u r e . 
I / l o d i " A° I / i o 
20 
18 
80 
90 
2.769^^ 100 
5j 
X Lines fo r AgCl ; xx Lines for HgluoO, ; 
4 ^ 
++ Lines I o r HgClp . 
d 
4, 
3, 
3, 
3, 
in A° 
.36^^ 
.37^^ 
.215"'' 
.015"" 
2.566'"' 
2.32'''' 
1.96"" 
1.675" 
I.6O1" 
34 
14 
50 
23 
33 
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Table - X 
X-ray d i f f r a c t i o n da t a fo r 1:2 molar mixture of Ag2^io0^ 
and HgClp kept a t room tempera tu re for 15 days , 
d i n A° I / l o d in A° I / j ^ 
'^.20' 23 
4.38" '^*" 22 
4.12"' ' ' 11 
3.269"^ 100 
3 .211^^ 100 
3.024^^ 100 
2.77 
2.69^^'-' 
2.56^^ 
1 .95'''' 
1.912^ 
100 
9 
32 
88 
17 
1 2 
X Lines for AgCl ; xx l i n e s f o r Hg^ ioO- ; 
3 4 
+ Lines f o r Ag2l^ ioO^ ; ++ Lines f o r HgClp . 
Table - XI 
X-ray d i f f r a c t i o n d a t a fo r 1:3 molar mixture of Agp i^oO, 
and HgClp hea ted a t 100 C and then cooled t o room teiipera-
t u r e . 
d i n k I / l o d i n A° 1/^^ 
5.136'''' 
4.27-^ ^ 
4.03^ -^  
3.392'''' 
3.186'''"^'^^ 
3.15'"' 
10 
78 
16 
24 
60 
70 
2.772'' 
2.54"" 
2.04^^ 
1.95""*" 
1.667'' 
100 
23 
15 
74 
22 
1 2 
x Lines f o r AgCl ; xx Lines f o r Hgl-ioO/ ; 4 
++ Lines l o r HgCl^ . 
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"Table - XII 
X-ray d i f f r a c t i o n da ta for 1:3 niolar mixture of A i^pi'^ o /^, 
and HgClp kept a t room tempera tu re for 15 days . 
d in A I / I o d in A l / I o 
5^>,3+,xx 
4 .30^^ 
4 .08^^ 
3.329'" '^"' 
3.203'" ' ' 
3 .155"" 
9 
80 
14 
21 
65 
72 
2 . 9 9 " " 
2 . 9 5 " " 
2 .762 ' ' 
2 .672" 
1.95^'" 
76 
32 
100 
23 
74 
1 2 
X Lines f o r AgCl ; xx Lines f o r Hgl^ ioO- ; 
3 4 
+ Lines f o r A^I'ioO, ; ++ Lines f o r HgClp , 
mixture was s t i r r e d t i ioroughly and the r i s e in teii.peraLuro 
wi th t ime was noted by Beckman thermometer fo r d i f f e r e n t 
molar r a t i o mixtures of Ag2MoO^ and HgClp. R e s u l t s a r e r e -
p r e s e n t e d in f i g u r e 1. 
Conduc t iv i ty measurements 
Powdered Ag2MoO^ and HgCl2 ^^^^ in 1:1 molar r a t i o 
were mixed thoroughly in an a g a t e mortar and poured in to a 
d i e and p r e s s e d in t h e form of d i s c of about 0 .2 cm t h i c k 
2 
and 0.31 cm sur face a r e a . The d i s c was then p l aced between 
p la t inum e l e c t r o d e s of t h e same su r face a rea and chan^^e in 
c o n d u c t i v i t y wi th t ime was noted by t h e same conciuct ivi ty 
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b r i d g e as used p r e v i o u s l y a t 50 C/s . S i m i l a r l y conduc t iv i t y 
changes for o the r malar r a t i o mixtures of Ag2MoO^ and KgCl^ 
were no ted . R e s u l t s a r e given in F igure 2 . 
C o n d u c t i v i t i e s of d i f f e r e n t compounds involved in t h e 
r e a c t i o n of Ago^oO, and HgClp a r e given in Table X I I I . 
Table - XII I 
Conduc t iv i ty of d i f f e r e n t conpounds. 
Compounds Conduc t iv i ty 
(Ohm Cm)"'' 
Ag2MoO^ 8 . 7 X 10"6 
HgC22 8 .0 X 10"^ 
AgCl 9.5 X 10"^ 
Hgl^oO^ 4 .5 X 10"^ 
Conduc t iv i ty of m a t e r i a l s , p r e s s e d in t h e form of p e l l e t s 
of 0.2 cm t h i c k and 0.31 cm s u r f a c e a r e a , were measured a t 
1 OO^C. 
D i f fu s ion s tudy of HgCl^ 
Di f fus ion c o e f f i c i e n t s of HgClp both in a i r and s u r -
f a c e were determined u s i n g t h e same method as desc r ibed p r e -
v i o u s l y . Glass tubes of d i f f e r e n t d iamete r s c o n t a i n i n g HgClp 
were kept a t 150 C and amount of HgClp d i f f u s i n g i n t o a tmos-
p h e r e was noted a t d i f f e r e n t t i m e . R e s u l t s a r e given in 
F i g u r e s 7 and 8 . 
^01^ - (u io "iv4o)AviA!PnpuoD 
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Discuss ion 
On mixing Ag2 i^o0^^ and HgClp (both powdered above 
300 mesh) i n an equimolar r a t i o , t h e colour oi mixture 
changed to yel low from o r i g i n a l whi te a t 100 C. X-ray 
o , 
a n a l y s i s (Table I I I ) of t h e mixture hea ted a t 100 C i o r 
24 h r and then cooled t o room t e n p e r a t u r e show t h e p re sence 
of AgCl and Hgl'-'ioO, as p r o d u c t s . The observed d v a l u e s and 
cor respond ing i n t e n s i t i e s a r e given in t a b l e IV. Reac tan t s 
were found p r e s e n t a long wi th p r o d u c t s AgCl and Hgl-ioO^ when 
AgpMoO, and HgClp were mixed in equimolar r a t i o and kept a t 
room tenipera ture fo r 15 days and analyzed t h e r e a f t e r (Table-
V), Thermal (F ig , 1,2) and c o n d u c t i v i t y (F ig , 2 , 2 ) measure-
ments give one i n f l e c t i o n on ly , t he reby i n d i c a t i n g t h e r e -
a c t i o n to be s i n g l e s t e p , s imple exchange p r o c e s s , 
Ag2MoO^ + HgCl2 > 2AgCl + Hgl-ioO^ ( l ) 
The c o n d u c t i v i t y maxima a f t e r about 40 rats, i s due to t h e 
fo rmat ion of AgCl which i s more conduct ing than t h e r e a c -
t a n t s (Table X I I I ) , and i t s constancy t h e r e a f t e r i n d i c a t e s 
t h e completion of r e a c t i o n . The thermal maxima occurs only 
10 mts a f t e r t h e mixing of A^KoO^ and HgCl2, ^^^ ^^^ ^ -^^ -^  
t h e r e a f t e r i s because t h e d i s s i p a t i o n of hea t dominates 
over t h e e v o l u t i o n r a t e , 
'.Vhen an equimolar mixture of Ag^^ioO, and HgCl,^ v/ore 
hea t ed a t 200 C, t h e yellow mixture changed t o ^^rey which 
on c o o l i n g t u r n e d back t o yellovv c o l o u r . A-vuy c ' r ialyji . ; oi" 
tJiC l i i i x tu re , p e r f o r m e d a t room t e m p e r a t u r e d i d n e t aho./ any 
new l i n e s . The a p p e a r a n c e of g ray c o l o u r a t h ig i i tc-!:4>erature 
o n l y , s u g g e s t t h e f o r m a t i o n of some new m a t e r i a l l i k e A^.-^Hgl^, 
which seems t o be s t a b l e o n l y a t h i g h t e m p e r a t u r e and b r e a k s 
i n t o r e a c t a n t s on c o o l i n g . The p r o b a b l e mechanism may be 
g i v e n a s , 
Ag2HoO^ + HgCl2 *' ^ ^^^-^ "^  HglwO^ ( 1 a ) 
2AgCl + HgClp > AgpHgCl, (1b) a t h i g h t e m -
'^ ^ '+ p e r a t u r e o n l y 
Ag2HgCl^ + Ag2l^o0^ • 4AgCl + Hgl^ ioC/^  ( l c ) 
2Ag2^•^oC^ + 2HgCl2 *" ^^^^^ + 2Hg^•.oC^ 
To conf i rm r e a c t i o n ( l b ) , AgCl and HgCl2 were mixed i n 2 :1 
o 
m o l a r r a t i o a t 200 C l o r an h o u r . Room t e n p e r a t u r e / . - r ay a n a -
l y s i s ( f a b l e VI) of t h e m i x t u r e does n o t g i v e n any l i n e s . 
X- ray a n a l y s i s of o t h e r h i g h e r molar m i x t u r e s ( 2 : 1 , 1 : 2 
and 1:3) g i v e s l i n e s c h a r a c t e r i s t i c s of AgCl and Hgi-ioC, o n l y 
( T a b l e s VII t o X I I ) , s u g g e s t i n g t h a t t h e r e a c t i o n of kgn^iOC, 
and HgClp i n o t h e r molar r a t i o s a l s o f o l l o w t h e s; rio r e a c t i o n 
p a t t e r n a s o b s e r v e d i n t h e c a s e of e q u i m o l a r m i x t u r e of AgoI'ioO-
and HgCl^f b o t h a t room t e n p e r a t u r e and 100 C. Thermal (i- ' ig. 1 , 
1 ,3 and A) and c o n d u c t i v i t y ( t^ig. 2 , 1 , 3 and k) measurements 
a l s o s u p p o r t t h i s v i e w . 
i^echanisffi of l a t e r a l d i f f u s i o n 
I n t h e l a t e r a l d i f f u s i o n e x p e r i m e n t s , t h e creari: c o l o u r e d 
boundary formed a t t h e i n t e r f a c e , soon a f t e r t h e p l a c e m e n t 
of HgCl o v e r Ag2KoC, , grew on .ig^KoC, s i d e , o i m u l t a n e o u s l y a 
- 1/+6 -
gap developed between the product layer and HgCl* . The rate 
of reaction decreases (Fig. 3) with increase in thickness 
of the product layer. Initially th^ rate oi* product growth 
is I'ast but the rate falls with the increase in the thickness 
o-f product layer suggesting the reaction to be a if fusion con-
trolled. 
Lateral aiii'usion data fit best the equation 
X^ = kt (2) 
n being equal to 2, the equation (2) becomes a well knov/n 
parabol ic r a t e law. X i s thickness of product at time t and 
r a t e constant k shows the Arrhenius temperature dependence. 
The ac t iva t ion energy evaluated from log k versus inverse 
tenperature p lo t (:-'ig. 5) was found to be 7^.06 kJ''n.ol. 
Lateral diffusion react ion proceeded well wiiori r e a c t -
ants were placed with air-gap of d i f ferent l engths . 
Kinet ics of the react ion were l ikewise studied by 
keeping a i r -gaps of d i f ferent lengths between tiia r e a c t a n t s . 
The value oi' r a t e constant was found to depend on the length 
Oi air-gap between the r eac t an t s . According to the equation' ' , 
k' = Ae"^"^ (3) 
where d i s the length of air-gap and A and b are constants . 
20 60 40 
time(hr ) > 
Fig. 3. Kinetic data for the reaction between AgoMoO/ 
and HgCl2 at various temperatures. 
80 
-OAO 
! 
o 
-1.20-
-1.G0 
-2.40 
Fig.4. Kinetic d a t a for lateral d i f fus ion and test 
. . n , 
of eqat ion x = k t for the react ion betw 
-een Ag2Mo04 and HgCl2. 
-2.00 
-5.00 2AX10-3 
Fig. 5. Dependence of k on temperature tor 
the reaction between Ag2MoO^ and 
Hga2. 
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The l i n e a r p l o t oi' l o g k' ve r sus d (i' 'ig. 6) i n d i c a t e s t ha t as 
t h e l e n g t h of a i r - gap i n c r e a s e d , the r e a c t i o n r a t e decreased 
(Table I I ) . 
In o rde r to de termine t h e ex ten t of migra t ion through 
su r face and vapour , exper iments were perforniGd to determine 
t h e vapour phase and su r face d i f f u s i o n cooff ic i r?n ts . The 
d a t a f i t t e d the equa t ion . 
AW = K^t < {U) 
where AW, the amount of HgClp aiffusing away in time t, 
and K. is a constant and evaluated from the olot of A'w 
» 1 
versus time (t^ 'ig. 7) for tubes of different diameters. K. 
is relateu to the radius of tube by the equation, 
K^/r = ocr + p (5) 
and a r e given by 
CX= 71 Ce Dv/ 1 (6) . 
p = 2T]Ce Ds (7) 
oCand A a re evaluated from t h e p l o t of K^/r ve r sus r 
(.""'ig. 8 ) , r being the r a d i u s , 1 the d i s t a n c e froi;. open end 
of tube to t h e sur face of HgClp, Ce t h e e iu i l lb r iu i i ; coricen-
t r a t i o n of HgClp j u s t above the sur face and iJv and J s tiie 
d i f f u s i o n c o e f f i c i e n t s f o r vapour phase and su r face r.i/'ri^'-
t i o n r e s p e c t i v e l y . The equ i l ib r ium c o n c e n t r a t i o n , C ,i 
(ob ta ined from gas e q u a t i o n ) , i s r e l a t e d to zhe vapour p r e -
d ( cm) 
Fig.6. Dependence ot reaction rate on the 
length of a i r - g a p for the reaction 
between Ag2MoO^ and HgCl2. 
t ( h r ) » 
Fig. 7. Kinetic da ta for the study of dif f 
-usion of HgCl2 Ra^^ius of g lass 
tubes are :(0) 0.4 cm, (^)0.2cm, (0)0.1 cm 
r ( cm) 
Fig. 8. Estimation of di f fusion coefficient 
HgCl2 in air and sur face. 
of 
- 148 -
ssure, which in turn can be calculated from the equation, 
i o g , o P = 2 . ^ 2 2 5 a ^ , (3) 
where T i s absolute temperature and a and b are constants 
and t h e i r values for d i f fe ren t teirperature range are given . 
The vapour pressure of HgClp was found to be 10.06 mm of 
mercury. 
The values of diffusion coeff ic ients of HgCl2, 
calculated from equation (6) and (7) were founa to be 
-2 2 -4 2 
4.15 X 10 Cm / s e c and 1.98 x 10 Cm / s e c for vapour phase 
and surface migration respec t ive ly . I t suggest tha t surface 
migration i s much l e s s important as compared to the vapour 
phase diffusion. 
At the reac t ion zone, HgClp vapour surrounds each 
AgpMoO, grain and r eac t s through molecular counter diffusion. 
Although no evidence for molecular diffusion i s observed in 
t h i s case as has been done for Hglp, in view of the molecular 
7 
nature of HgClp so l id , i t seems more reasonable to presume 
t h a t i t does not reac t through counter dii 'fusion of ions. 
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CHAPTER - VII 
RSACTION 0? Ag2MoO^ AND HgBrI 
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Mercuric bromoidide r eac t s with Agl in sol id s t a t e 
in 1:3 molar r a t i o to give Ag^Hgl^ and AgBr . In present 
chapter so l id s t a t e reac t ion of mercuric bromoidide with 
s i l v e r molybdate has been studied with a view (1) to e s t a -
b l i sh the mechanism of r eac t ion , (2) to study the effect 
of tenpera ture on react ion r a t e , and (3) to study the effect 
of length of air-gap between the r e a c t a n t s on the reac t ion 
r a t e . Kinet ics of the reac t ion has been studied by v isua l 
technique. Mechanism of the reac t ion has been explained by 
X-ray and chemical ana lys i s , thermal and conductivity mea-
surements. Diffusion coeff ic ient of mercuric bromoiodide 
in a i r and for surface migration has been determined. 
Rate measurements 
r 
Kinet ics of thereact ion were studied by p lac ing 
HgBrI over Ag^ MoOi (both powdered above 300 mesh) in a glass 
tube as reported previously. Each experiment was run In 
t r i p l i c a t e and the agreement between the corresponding 
values of d i f ferent se t s i s qui te s a t i s f ac to ry . The average 
values were used to ca lcula te the r a t e constants reported 
in Table I . 
Soon af te r the placement of HgBrI over Agpf^ ioO^  a 
yellow layer developed at the in ter face and t h i s grew with 
time on AgpMoO^ s ide . After some time a red layer s t a r t ed 
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Table - I 
Temperature dependence of parameters of the equation 
X" = k t , for AggMoO^ - HgBrI r eac t ion . 
Temperature 
(°C + 0, 
60 
70 
80 
90 
103 
120 
.5 ) 
k 
(Cm/hr) 
2.29 X 10"^ 
3.46 X 10"^ 
5.49 X 10"^ 
9.54 X 10"^ 
2.08 X 10"^ 
4.78 X 10"^ 
n 
t o develop between yellow layer and HgBrI and a gap develop-
ed between red layer and HgBrI. On cooling to room tempe-
r a t u r e the red layer turned yellow (A&,HgI, i s red above 
50.7°C and yellow below 50.7°C) . The k ine t i c s were l i k e -
wise studied at d i f ferent temperatures. 
Later when the experiments were run keeping a i r gap 
between the r eac tan t s a t the s t a r t i t s e l f , reac t ion proceed-
ed smoothly giving s imilar layer on AgpMoOA surface. The 
r a t e constants obtained are reported in Tab le - I I . 
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Table - I I 
Dependence of r a t e constant on the length of air-gap for 
AgpMoO^ - HgBrI react ion at 160°C. 
Length of air-gap k' 
d(cm) iCm/hr) 
0.2 
0.8 
1.2 
1.6 
1.84 X 
6.20 X 
1.89 X 
4.44 X 
l o - ' ^ 
10"^ 
10-5 
10-s 
Analysis of product l ayers A reac t ion tube having p r o -
duct (red layer also turned yellow at room tenpera ture) 
was broken and yellow layer was collected separa te ly . 
X-ray analysis of yellow layer revealed i t to be a mixture 
of AgBr, Agl, Ag2HgI^ and HgjyioO .^ Iden t i f i ca t ion of p r o -
ducts were also done by chemical ana lys i s . 
X-ray s tudies Ag2^ ioO^ and HgBrI (both powdered above 
300 mesh) were mixed thoroughly in d i f fe ren t molar r a t i o s . 
One p a r t of each mixture was heated at 100°C for 24 hr 
and then cooled to room tenpera ture . The reac t ion mixtures 
maintained at room tenpera ture and lOO^C were analyzed by 
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Morel CO Geiger counter X-ray d i f f r a c t o m e t e r (PW 1010 
P h i l i p s ) u s i n g CuKOC r a d i a t i o n wi th Ni f i l t e r apply ing 
32 Kv a t 12 mA. 
The compounds p r e s e n t i n d i f f e r e n t molar mix tures 
of Ag2 i^oO^ and HgBrI were i d e n t i f i e d by c a l c u l a t i n g t h e i r 
d va lue s and cor responding i n t e n s i t i e s and coniparing wi th 
r e s p e c t i v e va lue s of expected compounds. Compounds i d e n t i -
f i e d in d i f f e r e n t molar r a t i o mix tures a r e summarised in 
Table I I I . The d va lue s and corresponding i n t e n s i t i e s 
observed in d i f f e r e n t molar mixtures of AgpMoO^ and HgBrI 
both a t 100 C and room tempera tu re a r e shown in Tables IV 
t o XI. 
Table - I I I 
Compounds i d e n t i f i e d i n AgpMoO^ -HgBrI mix tu re . 
Molar r a t i o s of 
Ag2MoO^ and 
HgBrI in d i f f e -
r e n t m ix tu re s . 
Compounds i d e n t i f i e d in d i f f e r e n t 
mix tures 
Kept a t room tempe- Heated a t 100^0 
r a t u r e fo r 15 days f o r 24 h r and 
then cooled t o 
room t empera tu re 
2:1 
1:1 
1:2 
1:3 
AgI,AgBr,Ag2Hgl4, 
HgfioO^,Ag2MoO^ 
AgI,AgBr,Ag2HgI^ 
and HgMoO^ and 
Ag2^io0^ 
Agl.AgBr.AgpHgl. , 
HgMoO^ and HgBrI 
AgI,AgBr,Ag2HgI^, 
Hg^ioO^ and HgBrI 
Agl, AgBr,HgMoO^ 
and Ag2^ioC^ 
AgI,AgBr and 
HgJ^ ioO^ 
AgI,AgBr,HgJ^io04 
and HgBrI 
AgI,AgBr,Hg^lO0^ 
and HgBrI 
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Table - IV 
X-ray d i f f rac t ion data for 1:1 molar mixture of A^MoO^ 
and HgBrI a t 100*^ 0 and then cooled to room teii$)erature. 
d in A° I/lo d in A° I/j^ 
3.74^ 100 
3.3A 10 
3.211^^ 35 
3.024^^ 38 
2.89* 73 
2.30^ 23 
3 z;^  t 
X Lines for Agl ; * Lines for AgBr ; xx Lines for HgMoO '^ 
Table - V 
X-ray d i f f rac t ion data for 1:1 molar mixture of AgpHoOA 
and HgBrI kept a t room temperature for 15 days. 
d in A° I / l o d in A° I / jo 
2.067 
1.971'^'^ 
1.96"" 
1.746*»^^ 
1.6A0^»* 
1.211* 
46 
31 
23 
23 
92 
19 
3.74^ 
3.39* 
3.211^^' '^ 
2.999^^ 
* 
2.89 
2.837'''"^"^ 
12 
16 
10 
10 
22 
90 
2.67* '^" 
2.32^ 
2.05**^^ 
1.68*'** 
1.614"^^ 
24 
18 
14 
38 
10 
3 4 s 
x Lines for Agl ; * Lines for AgBr ; xx Lines for H^»oO, ; 
c 7 
+ Lines for A^Hgl^ ; ++ Lines for A^MoO^ . 
50 
40 
47 
54 
27 
00 
2.67^ 
2.5/"^ 
2.32''''" 
2.06 
-,^ 95^ ,XX 
* + 1.78 '^ 
27 
27 
20 
27 
20 
27 
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Table - VI 
X-ray d i f f r a c t i o n d a t a fo r 2:1 molar mixture of AgpI'ioO^ 
and HgBrl hea ted a t 100 C for 24 h r t hen cooled t o room 
t e n p e r a t u r e . 
d in k° I / I o d in A° I / I o 
3 .74 ' ' 
3 . 2 1 1 ^ ^ ' * 
3.024'''' 
* 
2.92 
2 .86 
2 .79 ' ' 
3 4 5 
X Lines for Agl ; * Lines for AgBr ; xx Lines for Hgl'^ oO, ; 
7 
+ Lines for AgpMoO^ , 
Table - VII 
X-ray d i f f r a c t i o n da t a for 2:1 molar mixture of AgpMoC^ 
and HgBrl kept a t room t empera tu re for 15 days . 
d in A° I / I o d in A° I / I o 
3.66'" 15 
3.26'*"*" 34 
^^211^^'+ 24 
2 . 9 9 ^ " 19 
2 .90* 38 
2.79++.+ 100 
- - - j^ __ 
X Lines for Agl ; * Lines for AgBr ; xx Lines for Hgl-'ioO;'^; 
+ Lines for Ag2HgI^ ; ++ Lines for Ag^MoO^ . 
2.67*" 
2.32^ ^ 
2.055 
1.89'^ '*" 
1.78-** 
1.64*" 
29 
24 
24 
19 
33 
33 
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Table - VII I 
X-ray d i f f r a c t i o n d a t a fo r 1:2 molar mixture of Ag^MoO, 
and HgBrI hea ted a t lOO^ C^ fo r 24 hr and then cooled t o 
room t empera tu r e . 
d in A° I / I o d in A° I / I o 
v./ » - T ^ 
3.74 ' ' 
3.359'" 
3.211'^' ' 
3.024^^ 
2.905"' 
X Lines for 
+ Lines for 
Agl^; * 
HgBrl^. 
36 
32 
23 
32 
100 
Lin 
2.794 *^ 
2.32 ' ' 
2 .07^ 
2 .055 ' ' 
1^93^,XX 
1.788**^^''*" 
90 
23 
50 
45 
23 
27 
Table - IX 
X-ray d i f f r a c t i o n d a t a fo r 1:2 molar mixture of AgpMoO, 
and HgBrI kept a t room tempera tu re for 15 days , 
I/Io d in A° I / I o 
15 
26 
30 
30 
26 
100 
30 
3 4 5 
X Lines fo r Agl ; * Lines fo r AgBr ; xx Lines f o r HgNioO^ ; 
6 8 
+ Lines fo r Ag2HgI^ ; ++ Lines for HgBrI . 
d 
6, 
3. 
3, 
3, 
2, 
2, 
2, 
i n A 
. 6 1 ^ ^ 
.74' ' 
.35^^ 
.26^ 
^g^X 
. 7 9 * ' * 
,66"" 
2 . 5 3 ' ' ' ' 
2 .30 ' ' 
2 .05 
1.89**'^ 
1.78^^*"^ 
1.76'"'^^ 
1.64^^»-^^ 
25 
30 
22 
19 
59 
43 
48 
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Table - X 
X-ray d i f f rac t ion data for 1:3 molar mixture of AgpI'ioO^ 
and HgBrl heated at 100 C and then cooled to room tempe-
r a t u r e . 
d in A° I/Io d in A° I/Io 
6.60^ 20 
3.7^^ 20 
3.39*'"' 27 
3.211^^ 34 
3.024^^ 40 
2.882* 
2.06 '^  
1.95^*^^ 
1.68 
100 
53 
20 
20 
_ ^ ^ 
X Lines for Agl ; * Lines for AgBr ; xx Lines for Hgi-IoO^  ; 
Q 
+ Lines for HgBrl . 
Table - XI 
X-ray d i f f r ac t ion data for 1:3 molar mixture of A^KoO-
and HgBrlkept at room temperature for 15 days. 
d in A° I / Io d in A° I / Io 
6.55'""' 37 
3.74^ 37 
3.35'*"'' 42 
3 .211 '* ' ' ^ 5 
2.90"''"** 5 
2.794++»+ Q4 
2.56'^'' 28 
^ 3 4 B 
X Lines for Agl ; ^ Lines for AgBr ; xx Lines for HgMoO, ; 
+ Lines for Ag2HgI^ ; ++ Lines for KgBrI . 
2.31"" 
2^ >,7+,++ 
2.14^^ 
2.11"*" 
2.06* 
1.78^^»^^ 
1.64^^'^ 
21 
26 
37 
42 
37 
37 
37 
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Thermal s tudies Weighed amounts of Ag2l''io0^ and HgBrI 
(both powdered above 300 mesh), were mixed in an equimiolar 
r a t i o in a Dewar flask kept in a wooden case packed with 
cotton. The mixture was s t i r r e d thoroughly and r i s e in 
temperature was noted by Beckman thermometer. The exper i -
ment was repeated for d i f fe ren t molar r a t i o mixtures of 
AgpWoO, and HgBrI. Results are given in Figure 1. 
Conductivity measurements Powdered Agp i^oO, and HgBrI 
were mixed thoroughly in an equimolar r a t i o in an agate 
mortar, poured into a d ie and pressed into a d isc of about 
2 0,2 cm thick and 0.31 cm surface area. The d isc was then 
placed between the platinum electrodes and change in con-
duct iv i ty with time was noted at 100 C by a conductivity 
bridge at 50 C/s as used previously . Similar ly conducti-
v i t y change in d iscs of different molar mixtures of AgpMoO, 
and HgBrI were also noted and r e s u l t s are given in r'igure 2. 
Conductivit ies of d i f ferent compounds involved are given 
in Table XII. 
Diffusion study of HgBrI. Diffusion study of HgBrI v/ere 
car r ied out in a similar way as described e a r l i e r . Three 
glass tubes of d i f ferent diameters containing known amounts 
of HgBrI were kept in an oven heated at 150 C and the amount 
of HgBrI diffusing into atmosphere was determined by weigh-
ing at d i f ferent t imes. 
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Table - XII 
Conductivity of different compoundG at 100 C. 
Conpounds Conductivity 
(Ohin"''cm"^ ) 
Ag2WoO^ 8 .7 X 10 
HgBrl 8.5 X lo"'^ 
KgMoO^ A.5 X 10"^ 
AgBr 9.2 X 10" 
Agl 9.5 X 10"^ 
Ag2HgI^ . 4 . 3 X 10"^ 
Conduct iv i ty of m a t e r i a l s , p r e s s e d in t h e form of p e l l e t s 
of 0.2 cm t h i c k and 0.31 cm sur face area were measured a t 
100°C. 
Di scuss ion 
X-ray a n a l y s i s (Table I I I ) of an equimolar mixture 
of Ag2MoO^ and HgBrl kept a t 100°C fo r 24 h r and then 
cooled t o room tempera tu re showed t h e p re sence of Agl, 
AgBr and HgMoO^ in f i n a l r e a c t i o n mix ture . This suggest 
t h e mechanism of r e a c t i o n a s , 
Ag2MoO^ + HgBrl > AgBr + Agl + HgMoO^ (1 ) 
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This simple double decomposition represented by equation (1) 
9 i s in conformity v/ith the p r i n c i p l e of la rger cations going 
well with larger anions and smaller cations with smaller 
anions. X-ray analysis of t h i s mixture maintained at room 
temperature showed the presence of Ag^Hgl. in addit ion to 
Agl, AgBr and HgMoO^  and Ag-KoO, , The conductivity (Fig. 2 , 
2) measurement with an equimolar mixture at 100 C show a 
slow and then sharp r i s e followed by a f a l l . The f a l l in 
conductivity and r e s u l t of the X-ray analysis of 1:1 mixtura 
a t room teinperature c lear ly indica te tha t the reac t ion r e -
presented by equation (1) passes through some intermediate 
s teps where AgpHgl, i s formed. This i s completely consumed 
at higher temperature but only pairtly at room tenpera ture . 
That the reac t ion at 100 C also passes through Ag2HgI^ i s 
indicated by the following observation. The mixture kept 
a t 100*^C, f i r s t turned red and thereaf te r yellow. The red 
product on rapid cooling turned yellow (AgpHgl, i s rod above 
50,7°C and yellow below t h i s temperature), which again turned 
red on heat ing. This suggests that the reac t ion at hi^J-ier 
temperature also may be proceeding through AgpHgL . ii'urther 
1 
as Agl i s known to react with HgBrI giving AgpHgl. and AgBr 
in sol id s t a t e , i t i s presumed tha t the present reac t ion (1) 
proceeds through the following course. 
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3Ag2MoO^ + 3HgBrI — » 3AgBr + 3AgI + 3HgMoO^ (1a) 
3AgI + HgBrI * AggHgl^ + AgBr ( l b ) 
Ag2HgI^ + Ag2MoO^ *• 4AgI + Hg i^oO^ ( l c ) 
4Ag2MoO^ + 4HgBrI > 4AgBr + AAgI + 4HgMoO^ 
The small i n i t i a l r i s e in c o n d u c t i v i t y i s due to the forma-
t i o n of AgBr and Agl through r e a c t i o n ( 1 a ) , which a r e s l i g h t -
l y more conduct ing than t h e r e a c t a n t s (Table X I I ) . The 
sharp r i s e t h e r e a f t e r and t r a n s i t o r y appearance of red colour 
seems to be due t o t h e format ion of h igh ly conduct ing s p e c i e s 
10 AgpHgl, through r e a c t i o n ( l b ) and i t s f a l l t h e r e a f t e r and 
a t t a inmen t of permanent yellow colour seems to be due to t h e 
a i s appea rance of AgpHgl/ through i t s r e a c t i o n wi th remaining 
Agp^oO^ tlrirough r e a c t i o n ( l c ) . AgpHgL and Agp^ioO; a re known 
11 t o r e a c t in equimolar r a t i o to give Agl and HgI<ioO; . The 
observed d va lues and cor responding i n t e n s i t i e s fo r equimolar 
o 
mix ture of AgpMoO^ and HgBrI hea ted a t 100 C for 24 hr a r e 
shown in Table IV. 
The i n i t i a l r i s e in t empera tu re shown by thermal 
maxima (F ig . 1,2) which occurs about 25 mts , a f t e r mixing t h e 
r e a c t a n t s in an equimolar r a t i o a t room tempera tu re seems to 
be due to t h e su r face r e a c t i o n which i s f a s t and occurs imme-
d i a t e l y a f t e r mixing and i t s f a l l ther^^af ter , i s due to t h e 
f a c t t h a t a t room tempera ture d i s s i p a t i o n of heat dominates 
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over the evo lu t ion of h e a t . The X-ray d i f f r a c t i o n da ta of 
equin.olar mixture o£ AgpI'ioO^ and HgBrI kept a t roon, tempera-
t u r e Tor 1^ days and analyzed t h e r e a f t e r i s £iven in Table V. 
X-ray d i f f r a c t i o n a n a l y s i a (Table I I I ) cf h igher :i'olar 
r a t i o ni ixtures of AgphoO^ and HgBrI heated a t 100 C for 24 hr 
showed the p re sence of Ag3r, Agl and HglnoO. and bhose kept a t 
room t e n p e r a t u r e showed t h e p re sence of Ag^Hgl, , AgBr, ,.gl 
and Hj^ioQ, and the component p r e s e n t in excess over 1:1 wolar 
r a t i o . These a r e in conformity with t h e proposed mechanism. 
The observed d va lue s and corresponding i n t e n s i t i e s for higlier 
molar r a t i o mixtures a re -;:iven in Tables VI to XI. 
hechanisffi of l a t e r a l d i f f u s i o n In l a t e r a l d i f f u s i o n expe-
r i m e n t s , soon a f t e r the placement of HgErl over AgpI'ioC^, the 
yellow boundary Lormeu at the i n t e r f a c e r.oparatos in to y'^llo-v 
and red l a y e r s and a gap developed betwe-.m product I r iver j and 
HgBrI. The product l a y e r s grew in s i z e towards A/..-,i''OCy sifte. 
La te r .vheu the ex.oerirri'.iut wa;;, reiwv;,'C(3a keotiii'.g Liie .rii' ;,-:) 
between the r e a c t a n t a t the s t a r t i t s e l f , i t proceeuoa l i k e -
wi se , g iv ing the s i m i l a r colour l a y e r s on AgpI'^ oC^ s u r f a c e . 
Th is c l e a r l y demonst ra tes t h a t s o l i d HgBrI i s mobile s p e c i e s 
h e r e and r e a c t s v i a gaseous phase . Gaseous HgBrI molecules 
surround each AgpT.oO^ g ra in a t t h e su r face of Ag2^.oC^ .;nd r e -
a c t wi th t h e s imul taneous format ion of Hgl-loC/ , A g ( 3 r , I ) and 
AgpHgl^. The sequence of p roduc t s in r e a c t i o n tube i s aiio-vn 
a s , 
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Agj^^oO^ Hgl'ioO^ AGBT, Agl A^i^Mgl^ K.:BrI 
Once HgBrI e n t e r s t h e z o n e , i t r e a c t s w i t h AgpI^ iOC, to .nive 
Hgi-.oO, and AgBr, Agl . Agl t h o u r e a c t w i t h incorijing t iglir l 
t o g i v e AgpHgl, g i v i n g t h e o b s e r v e d p r o d u c t s e q u e n c e . Some 
of t h e Agl which e s c a p e s c o n v e r s i o n i n t o Ag^HgL i s a e t e c t e d 
w i t h AgBr i n t h e y e l l o w l a y e r . 
I t i s c l e a r (i^'ig. 3 ) t h a t t h e r a t e oC r e a c t i o n d e c -
r e a s e s w i t h t i m e and t h e r e f o r e a l s o w i t h t h e t h i c k n e s s oT 
p r o d u c t l a y e r . I n i t i a l r a p i d i n c r e a s e i n p r o d u c t t h i c k n e s s 
i s due t o t h e f a c t t h a t a s t h e p r o d u c t t h i c k e s s i n c r e a s e s , 
r e a c t a n t s t a k e more and more t i m e t o d i f f u s e t h roug l i anc. r e -
a c t i o n r a t e t h u s f a l l s c o n t i n u o u s l y . L a t e r a l d i f f u s i o n d a t a 
f i t b e s t t h e e q u a t i o n ( F i g , 4 ) , 
X = k t (? ) 
n b e i n g e q u a l t o 2 , t h e r a t e of t h i c k n e s s of p r o a u c t X fo l l o w 
t h e b e s t known p a r a b o l i c r a t e lav/ where k , t h e p a r a b o l i c r a t e 
c o n s t a n t and f o l l o w s t h e A r r h e n i u s e q u a t i o n , 
k = A e - ^"/RT (3; 
The ac t iva t ion energy evaluated froni log k versus inverse 
tenpera ture plot (Fi^. 5) v/as found to be 72.18 kj/rnol, for 
AgpNoO, and HgBrI r eac t i on . 
Fig. 3. Kinetic data f o r the reaction between AgoMoO/ 
HgBrI at various temperatures. 
-0-4 
-0.8 
-1.2-
I 
X 
C7» 
O 
-1.6 
Flg-4.Kinetic data for lateral diffusion and test of eqation 
x = kt for the reaction between Ag^MoO, and HgBrl. 
-3.00 
I 
o 
-4.00-
2.5x10 
1/T 
Fig.5. Dependence of k on temperature tor 
the reaction between AgoMoO/ and 
HgBrI . 
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Kinetics of reaction between Ag2^ 'o0^  and HgBrI were 
also studied by keeping air gaps of different lengths bet-
ween the reactants. The value of rate constants were 
found to depend on the length of air gap according to the 
equation 
k' = Ae-^^ (4) 
where d i s the length of a i r gap and A and b are constants . 
The value of r a t e constants for d i f ferent lengths of a i r gap 
was calculated from the p l o t of log k' versus d (r 'ig. 6) and 
are given in Table I I , i n d i c a t e s t ha t r a t e of the reac t ion 
decreased with increase in length of a i r gap. 
From the l a t e r a l diffusion and other s tudies i t has 
been proved tha t sol id HgBrI i s the mobile species and r eac t s 
in vapour form giving the observed products . To see the con-
t r i b u t i o n of surface migration of any along with the vapour 
phase, in the diffusion control led reac t ion of Ag2^ ioO^ and 
HgBrI, diffusion coeff ic ients of HgBrI in a i r and on glass 
surface were evaluated. The data f i t t e d the equation (f^ig.?), 
AW = K^t (5) 
AW i s the amount of HgBrI diffusing away in time t , and K^  
i s a constant. The value of K^  was evaluated from the plot 
of Aw versus time (^'''ig.?) for tubes of d i f ferent diameters 
kept at 150 + 0,5 C, K. has also been found r e l a t ed with the 
rad ius of tubes by the equation (6 ) . 
d(cm) » 
Fig.6 . Dependence of reaction rate on 
the length of air gap for the 
reaction between Ag^MoO/ and 
HgBrI . 
time (h r ) • 
Fig.7. Kinetic data for the study of diffusion 
of HgBrl. Radius of glass tubes are: 
( O ) 0 .4cm,(Z i ) 0.2 cm ^ a n d ( ( > ) 0.1 cm. 
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K^/r = of r + ^ {(') 
The constants Q/C and S , evaluated from plot of K./r verjus 
r (-•'"ig. 8) were found related to vapour phase and surface 
diffusion coefficients Dv, Ds respectively by the equation, 
^ = ^Ce lOv/1 (7) 
^ = 2/7Ce Ds (H) 
1 is the distance from surface of HgBrI to the open end of 
the tube, v/hich was kept constant in al l the cases. C-^  i:; 
the equilibrium concentration of HgBrl just above the sur-
face will be related to the vapour pressure of HgSrl by the 
equation, 
P = CRT (^) 
The vapour pressure of HgBrI is taken as .mean of the vapour 
pressures of HgEr^  and Hglp and is found to be 9.'^ 0 nim of 
Kg. 
The values of diffusion coefficients calculated froni 
_3 ? 
these equations comes out to be 9.21 x 10 Cm"/sec and 
-4 2-2.35 X 10 Cm /sec lor vapour phase and surface mi;/,ratiori 
respectively. This suggest that surface migration aluo con-
tribute to some extent in the overall diffusion controlled 
reaction of Ag^ I'^ -oO, and Hg3rl in solid state. 
I 
0.08 
r(cm) > 
Fig.ft. Estmation ot diffusion coefficient 
of HgBrI air and surface migra 
- t i on . 
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CHAPTER - VIII 
REACTION OF Aj^MoO^ AND HgClBr 
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Solid mercury ( I I ) chlorobromide ex i s t s in two 
forms, o- -HgClBr and jB-HgClBr, Heating the mixture of two 
a t high ten$)erature increases the amount of o^-phase and 
decrease the y6 -phase. Reaction of s i l v e r molybdate with 
mercury ( I I ) chlorobromide has been studied in sol id s t a t e 
with a view (1) to e s tab l i sh the mechanism of r eac t ion , 
(2) to study the effect of low and high tenpera ture on r e -
ac t ion r a t e , and (3) to study the k ine t i c s of reac t ion 
when r eac tan t s were kept with air-gap between them. Diffu-
sion coeff ic ients of HgClBr for i t s diffusion in a i r and 
for surface migration have been determined experimentally. 
Kinet ics of the reac t ion in sol id s t a t e were studied by 
v i sua l technique. Mechanism of the reac t ion has been e s t a -
blished by X-ray d i f f rac t ion analys is of powder mixture, 
thermal and conductivity measurements. 
On mixing AgpMoO^ (white) and HgClBr (white) , the 
colour of mixture slowly turned yellow, both a t low and 
high tenpera ture . 
Rate measurements The k i n e t i c s of the reac t ion in sol id 
s t a t e were studied by p lac ing HgClBr over AgpMoO^ in a pyrex 
g lass tube of 0.5 cm in te rna l diameter as reported previously. 
Same quanti ty of reac tant was always used. Each experiment 
was run in t r i p l i c a t e and the agreement between d i f ferent 
- 168 -
sets is quite satisfactory. The average values were used 
for calculating the rate constants given in Table I. 
Table - I 
Temperature dependence of parameters of the equation 
x" = k t , for the reac t ion Ag2 l^oO^ - HgClBr. 
Tecoperature k 
(°C + 0.5) (Cm/hr) 
65 
76 
88 
108 
118 
129 
140 
1.04 X 10"^ 
1.67 X 10"^ 
5 .00 X 10"^ 
1.50 X 10~^ 
2 .69 X 10"^ 
5.01 X 10"^ 
8.709 X 10"^ 
2 .60 
2 .40 
2 .24 
2 .10 
2 .00 
2 . 0 0 
2 .00 
Soon after the placement of HgClBr over Ag2Mo0^, 
a yellow boundary formed at the interface and this grew 
with time on the Agu^ toO^  side. After some time a gap 
developed between yellow product and HgClBr. Kinetics 
were likewise studied at different tenperatures. 
Later, when the experiments were run keeping an 
air gap at the start itself, the reaction proceeded like-
wise giving the same products. The values of rate cons-
tants are given in Table II. 
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Table - I I 
Dependence of r a t e constant on the length of air-gap for 
AgpMoO, and HgClBr reac t ion a t constant temperature. 
Length of air-gap k» 
d (cm) (Cm/hr) 
0.3 6.75 X 10"^ 
0.8 3.22 X 10'^ 
1.2 1.41 X 10'^ 
1.6 8.24 X 10"^ 
Tenperature 160 + 0. 5°C, p a r t i c l e s ize above 300 mesh. 
Analysis of the product layer A reac t ion tube having 
product layer was broken and the yellow product was co l l ec -
ted separate ly . X-ray analys is of the yellow layer con-
firmed i t to be a mixture of AgCl, AgBr and Hg^bO^. Iden-
t i f i c a t i o n of product layer was also done by chemical 
ana lys i s . 
X-ray s tudies Powdered A^MoO^ and HgClBr (above 300 
mesh) were mixed thoroughly in a mortar in d i f fe ren t molar 
r a t i o s . One p a r t of each mixture was heated a t 100°C for 
about 24 hr in an a i r oven, while the other was kept at 
room tenpera ture . The reac t ion mixture maintained at room 
tenqperature and at higher tenperature were analyzed by a 
Norelco Geiger Counter X-ray diffractometer (PW 1010 Ph i l ips ) 
using CuK(y rad ia t ion with Ni f i l t e r applying 32 Kv at 12 mA 
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a t room t empera tu re . 
The compounds p r e s e n t were i d e n t i f i e d by c a l c u l a t -
i n g t h e i r d va lues and t h e i n t e n s i t i e s of t h e l i n e s and 
comparing them with t h e s tandard va lues of expected compounds. 
The compounds i d e n t i f i e d in d i f f e r e n t molar ' r a t i o mixtures 
a r e given in Table I I I , Their observed d v a l u e s and i n t e n -
s i t i e s a re given in t a b l e s IV to X I I I . 
Table - I I I 
Compounds p r e s e n t in Agp i^oO. - HgClBr r e a c t i o n mix tu re . 
Molar r a t i o s of Compounds i d e n t i f i e d in mi:<ture 
Ag^MoO, and HgClBr ^ r^ 
,- 2 ^ ^ Kept a t room Heated a t IOQOC 
i n d i f f e r e n t mix- t empe ra tu r e for fo r 24 hr and t hen 
^^^ 15 days cooled to room 
t empera tu re 
2:1 AgCl,AgBr,HgMoO^, AgCl,AgBr,HgI^ioO^, 
and Ag2^ioO^ and Ag2^io0^ 
1:1 AgCl,AgBr,HgMoO^, AgCl.AgBr and 
Ag2MoO^ and HgMoO^ 
HgClBr 
1:2 AgCl,AgBr,HgIvioO^ AgCl,AgBr,HgMoO, , 
Ag2l^io0^ and HgClBr and HgClBr 
1:3 AgCl,AgBr,HgMoO^ AgCl,AgBr,HgIso04 
Ag2^o0^ and HgClBr and HgClBr. 
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Table - IV 
X-ray d i f f rac t ion data 1:1 molar mixture of A^KoOr-
HgClBr heated a t 100 C and then cooled to room tempera-
t u r e . 
d in k° 
3.24'' 
3.15* 
2.82* 
2.78^ 
2.1*9'*' 
2.01* 
X Lines of AgCl''; * Lines for AgBr^; + Lines for HgMoG^^ 
Table - V 
X-ray d i f f rac t ion data for1:1 molar mixture of AgpMoO^-
HgClBr kept a t room tenperature for 15 days. 
Vlo 
39 
80 
78 
100 
30 
d i n A 
1.962^ 
* + 1.735 ' 
1.60 "^  
1.26'' 
I / I ( 
40 
15 
15 
10 
d i n A° 
3^27*+.+++ 
3 .211**^ 
2.999'*' 
2 .813** *"^ '*" 
2 . 7 9 ^ 
Vio 
20 
46 
54 
100 
32 
d i n A° 
2.562* 
1.99* 
1 .96^ '* 
1.70* 
1.26 
I / l o 
18 
61 
18 
14 
18 
X Lines for AgCl''; * Lines for AgBr ; + Lines for HgMoO^  ; 
4 5 
+ + l i ne s for HgClBr ; +++ Lines for AgpMoO- . 
- 172 -
12 
10 
45 
90 
00 
2.55* 
1.95''»^  
1.63 
1.29'' 
30 
20 
12 
12 
Table - VI 
X-ray diffraction data for 2:1 molar mixture of AgphoO. 
O ^ H 
and HgClBr heated a t 100 C and cooled to room ten^jerature. 
d in A° I / l o d in A° I/IQ 
5.16^" 
4.49"^ 
3.29'' 
2.81 
2.79^ 
X Lines for AgCl''; * Lines for AgBr ; + Lines for HglnoO^ ;^ 
+ + Lines for AgpMoO* . 
Table - VII 
X-ray d i f f rac t ion data for 2:1 molar mixture of AgpHoO^ 
and HgClBr kept a t room tenperature for 15 days. 
d in A° • I / i o d in A° I / j ^ 
5.08'"'' 14 
3.24*"" 33 
3.241^ 20 
3.105** 16 
2.999* 24 
2.79^ 100 
1 2 ^ 
X Lines for AgCl ; * Lines for AgBr ; + Lines for Hg i^o0^" ;^ 
+ + Lines for AgphoO. . 
2.673** 
2.32** 
2.125** 
2.005* 
1.567* 
28 
20 
12 
10 
41 
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2.52"' 
1.96'' 
1.65 
1.61"" 
30 
38 
15 
16 
Table - VII I 
X-ray d i f f r a c t i o n d a t a fo r 1:2 molar mixture of AgpMoO^ 
and HgClBr hea ted a t 100°C and cooled t o room t e n p e r a t u r e . 
d in A° I / l o d in A° I / ^ ^ 
4.295'*"'*" 80 
3.32''"' 40 
2 .79^ 100 
2 .00* 50 
1 2 3 
X Lines fo r AgCl ; * Lines f o r AgBr ; + Lines fo r HgMoO/^  ; 
++ Lines fo r HgClBr , 
Table - IX 
X-ray d i f f r a c t i o n d a t a f o r 1:2 molar mixture of A^FioO^ and 
HgClBr kept a t room tempera tu re fo r 15 days . 
d i n A° I / l o d i n A"^  I / J ^ 
^.Ag*'"^ 9 
4.128'^'^ 9 
3 .24 ' ' 6 
3.026'^ 15 
2 .794 ' ' 75 
1 2 ^ 
X Lines fo r AgCl ; * Lines f o r AgBr ; + Lines f o r Hg i^oO^ ; 
4 5 ^ 
-••+ Lines fo r HgClBr ; +++ Lines fo r AgpI^ o^O, . 
2 .751" " 
2.492'''" 
2.03* 
1.96" 
1.95" 
11 
100 
37 
8 
7 
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2.54 
* ++ 2.02 • 
^,9e'' 
^ + * 1.61 ' 
1.28^ 
30 
45 
48 
12 
10 
Table - X 
X-ray d i f f r ac t ion data for 1:3 molar mixture of AgpMoO^ 
and HgClBr heated at 100 C and cooled to room temperature. 
d in A° I / l o d in A° I / i o 
4.40"^ 88 
4.12"*' 40 
3.211"^ 90 
2 ,81* 90 
7.78^ 100 
_ _ _ 
X Lines for AgCl ; * Lines for AgBr ; + Lines for HgMoO^ ; 
++ Lines for HgClBr , 
Table - XI 
X-ray d i f f r ac t ion data for 1:3 molar mixture of AgpMoO^ 
and HgClBr kept a t room tenpera ture for 15 days. 
d in A° I/jQ d in A° I / I Q 
4.367^"" 71 
4.12*' ' 47 
3.26^ 29 
3.076* 100 
2.793^ 53 
2.752*'' 
2.005* 
1.96'' 
1.903-^ ** 
1.781*** 
65 
58 
47 
35 
35 
X Lines for AgCl ; * Lines for AgBr^; + Lines for HgMoO,^; 
4 5 
+ + Lines for HgClBr ; +++ Lines for A^MoO^ . 
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Table - XII 
Standard X-ray d i f f r a c t i o n d a t a f o r 
AgCl^. 
d in A° 
3.20 
2,nk 
1.942 
1.473 
Vio 
49 
100 
50 
15 
d in A° 
1.602 
1.387 
1.276 
1.241 
Vio 
15 
6 
3 
11 
Table - XII I 
d in A° 
2 ,886 
2 .041 
1.742 
1.667 
Standard X-ray d i f f r a c t i o n 
AgBr^. 
Vio 
100 
56 
2 
15 
d a t a f o r 
d i n A° 
1.444 
1.325 
1.291 
1.18 
Vio 
7 
7 
13 
9 
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Thermal s tudies 
Weighed amount of powdered A^KoO/ and HgClBr 
(above 300 mesh) were taken in equimolar r a t i o , in a Dewar 
f l a sk . The mixture was s t i r r e d thoroughly and the r i s e in 
tenperature with time was noted by Beckman thermometer. 
Similarly teinperatiire r i s e was noted for d i f fe ren t molar 
r a t i o mixtures of kgJ^oO. and HgClBr, Results are shown in 
Figure 1. 
Conductivity measurements 
Powdered AgpMoO^ and HgClBr (above 300 mesh) were 
mixed thoroughly in an agate mortar in different molar ratios. 
Each mixture was poured into a die and pressed into a disc 
2 
about 0,2 cm thick and 0.31 Cm surface area. The disc was 
then placed between platinum electrodes and the electrical 
conductivity of the disc at different time was noted using 
a conductivity bridge at 50 C/s as reported earlier. Results 
are shown in Figure 2, Conductivities of different compounds 
involved in AgpMoO^ and HgClBr reaction are given in Table-
x iy . 
Diffusion study of HgClBr 
Diffusion coeff ic ients of HgClBr in a i r and for sur -
face migration were determined in a way as described previously. 
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Table - XIV 
Conduc t iv i ty of d i f f e r e n t contpounds a t 100 C, 
Compounds Conduct iv i ty 
(Ohm Cm ) " '' 
Ag2MoO^ 8 .7 X 1 0 ' ^ 
HgClBr 6.5 X lO"*^ 
AgCl 9.5 X 10 
AgBr 9.2 X 10 
Hg>ioO^ 9.5 X 10" 
Conduc t iv i ty of m a t e r i a l s , p r e s s e d in t h e form of p e l l e t s 
of 0.2 cm t h i c k and 0.31 cm su r face a rea were measuired 
a t 100°C. 
The amount of HgClBr d i f f u s i n g away i n a given t ime i n t e r -
v a l was determined by weighing t h e tube before and a f t e r 
t h a t i n t e r v a l . R e s u l t s a r e given in F igu re s 7 and 8 . 
D i s c u s s i o n 
X-ray d i f f r a c t i o n a n a l y s i s (Table I I I ) of equimolar 
mix tu re of A^MoO^ and HgClBr hea ted a t 100°C f o r 24 hr and 
t hen cooled t o room t e n p e r a t u r e showed t h e p r e sence of AgCl, 
AgBr and HgMoO .^ The colour of mixture changed to yellow 
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from the o r ig ina l white. The analysis r e s u l t s seem to 
suggest the simple exchange mechanism, given in equ (1) . 
AggMoO^ + HgClBr *• AgCl + AgBr + HgMoO^  (1) 
This simple double deconposition i s in conformity with the 
p r i n c i p l e of l a rge r cat ions going well with l a rge r anions 
and smaller cat ions with smaller anions. Conductivity mea-
surement (Fig, 2,2) show one in f l ec t ion thereby ind ica t ing 
the process to be s ingle s t ^ . The i n i t i a l r i s e in conduc-
t i v i t y i s due to the formation of AgCl and AgBr as products 
which are more conducting tha t the r eac tan t s (Table XIV), 
and constancy thereaf te r i s due to the conpletion of r eac -
t i o n . The observed d values and corresponding i n t e n s i t i e s 
of an equimolar mixture of AfoMoO^ and HgClBr heated at 100°C 
for 24 hr and cooled to room temperature are shown in Table-
IV. 
X-ray d_iffraction analys is (Tab le l l l ) of the above 
mixture, kept a t room tenpera ture for 15 days showed the 
presence of reac tan ts along with AgCl, AgBr and HgMoO .^ The 
colour of the mixture slowly changed to yellow , Thermal 
measurements (Fig. 1,2) also support t h i s view. Thermal 
maxima occurs only a f te r about 25 mts of mixing and i t s 
continuous f a l l thereaf te r seems to be due to dominance of 
d i s s ipa t ion of heat over the evolution r a t e . The observed 
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d values and corresponding intensities of an equimolar 
mixture of reactants kept at room temperature for 15 days 
are given in Table V. 
X-ray analysis (Table III) of higher molar mixtures 
of AgphoO. and HgClBr (2:1, 1:2, 1:3) showed the presence of 
AgCl, AgBr and HgMoO/ as products and excess of either of 
the reactants both at 100 C and room tenperature. Conducti-
vity (Fig. 2,1,3 and 4) and thermal (Fig. 1,1,3 and 4) mea-
surements give the same pattern indicating that the reaction 
of AgpMoO, and HgClBr in all proportion follow the same 
mechanism as in the case of equimolar ratio. The observed 
d values and corresponding intensities for higher molar ratio 
mixtures of AgpMoO. and HgClBr are given in Tables VI to XI. 
During the analysis of X-ray diffraction data (Table 
IV to XI) of different molar ratio mixtures of Ag2^ *o0- and 
HgClBr was observed that the d values of AgCl increases while 
those of AgBr are decreasing from their standard d values 
(Tables XII and XIII), Deviation in d values of compounds 
from their respective standard d values suggest the formation 
7 
of solid solution where AgBr is dissolving into AgCl, Misci-
bility of AgBr and AgCl has been explained on the basis of 
their cubic structures. 
Mechanism of lateral diffusion 
In lateral diffusion experiment, the yellow product 
formed, at the interface, grew only on AgpI'ioO, side and a 
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gap developed between yellow product layer and HgClBr. 
Later when the experiments were repeated keeping a i r gaps 
of d i f ferent lengths between the reac tan t s at the s t a r t i t -
se l f , i t proceeded l ikewise . This c lear ly demonstrate tha t 
so l id HgClBr reac t s via gaseous s t a t e . 
Gaseous HgClBr molecules, l i k e HgBr2, HgCl2 ^^^^^ 
with AgpMoO, a t the in ter face with the simultaneous forma-
t i on of AgCl, AgBr and HgjWoO^  as Koch and Wagner observed 
for Agl-Hglp reac t ion . Growth of product layer follows 
equation (Fig. 3 ) . ' 
X'' » k t (2) 
where X is the thickness of product at time t, n and k are 
constants. The value of n varies from 2.60 to 2.10 in the 
tenperature range 65 C to 108 C and then attains a constant 
value of 2 and the expression (2) becomes the well known-
parabolic rate law in the temperature range 118-140 C. The 
variation in the value of n and the plot of log k versus 1/T 
(fig. 4) shows clearly that the process occurring at lower 
tenperature is different from the one that occurs at higher 
temperatures. The activation energies at lower and higher 
tenperature were calculated as 180 kJ/mol and 66 kJ /mol 
respectively. These values of activation energies suggests 
that at lower temperature the rate of process is reaction 
controlled while at higher temperature it is diffusion 
Fig.3. Kinetic data for la tera l di f fusion and lest 
of eqat ion x = k t . for the react ion between 
AgjMoO^ and HgClBr . 
2.4x1(r3 
1/T 
Fig.4.Dependence of k on temperature for 
the reaction between Ag«MoO/ and 
HgClBr. 
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cont ro l led . The ac t iva t ion energy i s also re la ted t c tlu 
9 diffusion coeff ic ient by the equation , 
D = Do e " ^ ^ / ^ ^ (3) 
where D i s the diffusion coeff ic ient of the species invol -
ved, and since sol id HgClBr reac t in vapour phase, d i f fu-
sion coeff ic ient i s proport ional to equilibrium concentra-
t i o n Ce, which i s re la ted to vapour pressure by the equa-
t i o n , 
P = CeRT 
where P i s the vapour pressure of HgClBr, taken as mean 
10 
of the vapour pressures of HgClp and HgBrp given for 
d i f ferent tenpera tures . The ac t iva t ion energy calculated 
from log Ce versus inverse temperature p lo t (Fig. 5) i s 
77.112 kJ/mol, which i s almost equal, taking a l l the 
approximations, to the value of ac t iva t ion energy evaluat-
ed from log k versus inverse tenperature p lo t for high 
temperature. This confirm tha t the Agp i^oO. - HgClBr i s a 
vapour phase diffusion control led reac t ion . I t simply 
inp l i e s tha t at lower temperature range diffusion i s f a s t e r 
than the chemical reac t ion , but as the tenperature increases 
a s i t ua t ion i s reached where chemical reac t ion become f a s t e r 
and n decreases gradually and a t t a i n s a constant value of 
2 at 118°C. 
-O-AO 
-0.50-
o 
o 
-OGO-
-070 
2Ax10"^ 26 2.8 
1 /T 
3.0 
Fig.5. Dependence of equilibrium concentra-
tion of HgClBr on temperature . 
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On keeping an a i r gap betv/een the reac tan ts in the 
reac t ion tube, the react ion proceeded l ikewise and the 
yellow boundary formed on the AgpI^ '^ oO, side grew in s i z e . 
This shows the high d i f fus iv i ty o£ HgClBr and suggest tha t 
sol id HgClBr reac t s here in vapour form. 
Kinet ics of the reac t ion were l ikewise studied by 
keeping air-gap of d i f fe ren t lengths . The value of r a t e 
constant , K was found to depend on the length of air-gap 
between the r eac tan t s layer according to the following 
equation 
k- = Ae '^"^ (A) 
where d i s the length of a i r gap and A and b are constants . 
The l inea r p lo t of log k' versus d (i^'ig, 6) indica tes that 
t h e r a t e of reac t ion decreases with increase in the length 
of a i r gap between HgClBr and Ag2 i^o0- (Table I I ) . 
The value of vapour phase diffusion coeff ic ient and 
surface diffusion coeff icient were calculated by the method 
_2 
used previously (Fig, 7 and 8) and were found to be 2,25x10 
2 -4 2 
Cm / s e c and 2,15 x 10 Cm / s e c for vapour phase and surface 
di f fus ion coeff icient respec t ive ly . Vapour pressure o£ 
HgClBr was taken as the mean of the vapour pressure of HgClp 
and HgBr2. 
From these values of diffusion coeff ic ients and the 
decrease in r a t e constants of the react ion with increase in 
- 2 . GO 
I 
o 
-3-40 
-4.20 
d(cm) > 
Fig.6. Dependence of reaction rate on 
the lengh of air gap for the 
reaction between Ag2Mop/ and 
HgClBr . 
t ( h r ) 
Fig.7. Kinetic data for diffusion of HgClBn 
Radius of glass tubes are:(o)O.Acm, 
(tk)0.2cm, and (O) 0.1cm . 
I 
r (cm) > 
Fig.8. Estimation of diffusion coeff i-
cieff of HgClBr in air and 
surface migration . 
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the length of a i r g ^ between the reac tan t s i t can be con-
cluded that surface migration also play some ro l e in addi-
t ion to vapour phase in tho overa l l diffusion controlled 
AgpMoOy and HgClBr react ion in sol id s t a t e . 
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